INTRODUCTION
C ells grow optimally within a relatively narrow temperature range but tolerate moderate deviations, some of which impinge upon cell structure and function, via rapid physiological adaptations. One of the most powerful adaptation mechanisms is the heat shock response (HSR), a highly conserved program of changes in gene expression that result in the repression of the protein biosynthetic capacity and the induction of a battery of cytoprotective genes encoding the heat shock proteins (HSPs). Many HSPs function as molecular chaperones to protect thermally damaged proteins from aggregation, unfold aggregated proteins, and refold damaged proteins or target them for efficient degradation. Physiological changes such as the synthesis of compatible solutes, cell wall restructuring, and the transient interruption of the cell cycle also contribute to cellular survival. Much of what we know regarding the HSR in eukaryotic cells has been elucidated with the model yeast Saccharomyces cerevisiae due to its facile genetics, biochemistry, and cell biology as well as the wealth of genome-level tools made available in the last decade. This review will provide a broad overview of the effects of heat shock on S. cerevisiae and the control of the HSR at multiple regulatory levels. We focus on the cellular biology of the HSPs, defined as operational networks within the major cellular compartments. While the last 30 years or so of research has been a period of intense and fruitful discovery, current efforts are now being targeted to address how the various components of the HSR work together in multiprotein and multicomplex networks. Lessons learned from the budding yeast model may now be applied to intervention therapies to treat human diseases and disorders characterized by defects in protein homeostasis and folding.
PHYSIOLOGICAL EFFECTS OF HEAT SHOCK
The HSR is appropriately considered to be a fundamental cytoprotective pathway conferring resistance to heat shock. However, by its very definition, the response is considered one of repair and adaptation to damage caused by the stress rather than a prophylactic measure. As discussed later in the review, evidence suggests that the HSR may in fact be evolutionarily selected to prevent damage caused by an anticipated future stress rather than to promote recovery from an existing insult. We address the physiological impacts of moderate to severe heat stress, with emphasis on cellular processes sensitive to thermal damage ( Fig. 1 ).
Physiological and Metabolic Adaptation
Cell cycle arrest. Yeast cells complete a cell cycle in rich medium in approximately 70 to 90 min, and work in the 1980s defined Start as a key regulatory checkpoint in the G 1 -to-S-phase transition (35) . Cells arrested in the G 1 phase have unreplicated chromosomes and exist in the unbudded state. Heat shock induces transient arrest at precisely this stage in the cell cycle, likely due to a reduction of transcript levels of the G 1 /S cyclins CLN1 and CLN2, as the overexpression of CLN2 from the GAL1 promoter is suffi-cient to prevent heat-induced arrest ( Fig. 1) (373) . Interestingly, CLN3 transcripts are unaffected, suggesting a posttranscriptional regulation of this cyclin gene product. Consistent with this hypothesis, the Cln3 protein was recently shown to be tethered to the endoplasmic reticulum (ER) membrane in a complex with farnesylated Ydj1, a key J-type molecular chaperone and Hsp70 cofactor (477) . Temperature-dependent cell cycle inhibition can be mimicked by treatment with low concentrations of the imino acid analog azetidine-2-carboxylic acid (AZC), a compound that causes the misfolding of nascent polypeptides via a substitution for the amino acid proline. AZC is toxic at high concentrations, but at low concentrations (10 mM or lower), it causes both G 1 arrest and the repression of CLN1 and CLN2 (466) . These data suggest that G 1 arrest is not necessarily a direct physiological phenomenon but rather a signaled event. This idea is supported by the finding that both heat shock and AZC treatments of EXA3-1 cells expressing a dominant negative allele of the heat shock transcription factor HSF1 (see below) do not result in arrest (467) . Instead, it is likely that the accumulation of misfolded proteins in both scenarios rapidly activates Hsf1, which in turn induces the expression of one or more proteins that block CLN1/2 expression. What is the competitive advantage of the G 1 arrest in response to protein misfolding? Although no data specifically address this question, it is possible that proceeding with DNA synthesis and/or mitosis in the face of proteotoxic damage might be catastrophic and that the G 1 delay allows protected time to restore protein homeostasis. This model is consistent with cell cycle checkpoints that halt progression in the presence of DNA-damaging agents or improperly paired chromosomes.
Defects in the HSR also impact cell cycle progression during thermal stress. A temperature-sensitive mitochondrial import mutant, mas3, was found to result in arrest as large-budded cells, indicative of a G 2 /M transition block (432) . This allele was mapped to the HSF1 locus, identifying this transcription factor and its HSR regulon as critical components of chronic heat tolerance. This finding was recapitulated in two subsequent papers that characterized a G 2 /M arrest phenotype for two additional HSF1 alleles, hsf1-82 and a truncation mutant defective in transcriptional activation, HSF (303, 525) . Remarkably, in both those reports, the primary defect was found to be a reduced level of expression of the Hsp90 molecular chaperone. Zarzov et al. observed via electron microscopy specific defects in spindle pole body (SPB) duplication which could be corrected by the overexpression of the Hsp90-encoding gene HSP82, implying a role for this chaperone in maintaining SPB function during heat shock (525) . SPB defects in these mutants are also consistent with the activation of the spindle pole checkpoint and the G 2 /M arrest point (136) .
Metabolic reprogramming. Does the position within the cell cycle affect thermotolerance? Early work showed that starving cells (G 0 phase) are significantly more thermotolerant than exponentially dividing populations (331) . In contrast, cells arrested pharmacologically in the G 1 , S, or G 2 phase of the cell cycle are as sensitive to heat shock as nonsynchronized cultures (14, 347) . These findings led to the speculation that quiescent cells that have exited the cell cycle concomitantly acquire substantial heat shock resistance in a process linked to nutrient availability. The nonreducing disaccharide trehalose is an important storage carbohydrate in S. cerevisiae, and the ability of cells to withstand severe heat shock (usually considered to be 45°C or higher) correlates with cellular trehalose levels: the inactivation of the trehalose biosynthetic genes TPS1 and TPS2 results in reduced thermotolerance, and a loss of the trehalose-degrading enzyme NTH1 (neutral trehalase) extends thermotolerance during recovery ( Fig. 1) (98) . Trehalose levels also rise in response to heat shock and confer thermotolerance in the related fission yeast Schizosaccharomyces pombe at temperatures that preclude HSP synthesis (above 40°C) (365) . The intrinsic thermotolerance of stationary-phase cells also correlates well with the activity of the metabolic regulatory enzyme protein kinase A (PKA). As discussed below, PKA is a negative regulator of the environmental stress response (ESR), which includes both the trehalose biosynthetic and catabolic genes, and cells limited or starved for glucose exhibit low levels of PKA activity, leading to the derepression of these enzymes. Importantly, trehalose levels must be tightly regulated, as cells lacking NTH1 exhibit impaired recovery from heat shock (503) .
How is trehalose such a powerful contributor to thermotoler-ance? In vitro studies demonstrated that trehalose is an effective stabilizer of proteins at physiological concentrations (192) . The disaccharide is also well known as an antidehydration agent, likely due to its unique propensity to displace the "water shell" around macromolecules, thereby minimizing the effects of desiccation (86) . Singer and Lindquist demonstrated that trehalose can suppress the aggregation of misfolded proteins in vivo, effectively preventing one of the most deleterious consequences of severe heat shock (429, 430) . In contrast, high levels of trehalose prevent protein refolding, providing a possible molecular explanation for the heat shock recovery defects associated with trehalase mutants (429) . The Hsp104 protein chaperone possesses similar properties and works synergistically with trehalose to stabilize the yeast proteome at high temperatures. Indeed, both trehalose and Hsp104 are required for tolerance to heat shock, suggesting that they play complementary but not overlapping roles (119, 383) . Interestingly, the protein-stabilizing effects of trehalose can also be observed for the endoplasmic reticulum (ER) lumen, suggesting that the sugar must be transported into the endomembrane system (426) . Trehalose may also confer a broader range of protection for proteins, as it was demonstrated to enhance the survival of yeast cells treated with hydrogen peroxide and to reduce the extent of protein carbonylation, a prime indicator of oxidative damage (21) . Lastly, Nelson and colleagues reported the surprising finding that trehalose is required for maximal transcriptional activation by Hsf1, which may be tied to its observed ability to stabilize the tertiary structure of the carboxy-terminal activation domain (42, 68) . Altered cell wall and membrane dynamics. In addition to the effects of heat shock on internal cellular processes, thermal stress appears to impact the cell surface. The fungal cell is limited by the plasma membrane and surrounded by an outer cell wall composed of glucose-and mannose-based polysaccharides and N-acetylglucosamine (44, 45) . The intervening periplasmic space contains numerous secreted enzymes and membrane-associated surface proteins. An elaborate signaling pathway has been elucidated, linking outer membrane transmembrane proteins that serve as putative heat and/or pressure sensors, the small GTPase Rho1, and a protein kinase cascade starting with protein kinase C (Pkc1) and terminating in effector transcription factors ( Fig. 1 ) (reviewed in reference 250). This cell wall integrity (CWI) pathway is activated in response to perturbations in the cell ultrastructure, including treatment with compounds that interfere with cell wall synthesis and changes in pH and temperature. The importance of this pathway is made clear by the phenotype of cells lacking the terminal mitogen-activated protein (MAP) kinase (MAPK) Slt2 (also known as Mpk1), which are exquisitely temperature sensitive at 37°C due to autolysis (280) . Mutations in nearly every component of the CWI pathway lead to identical phenotypes, consistent with the linear nature of the signaling pathway (220) . Importantly, temperature sensitivity can be remediated by the inclusion of a compatible solute such as sorbitol for osmotic support, demonstrating that cell lysis is the primary cause of the observed phenotype. Yeast cells maintain a high internal turgor pressure, making even minor defects in the cell wall structure potentially lethal. The CWI pathway is activated by heat through an unknown mechanism that requires at least one member of the putative sensors Mid2 and Wsc1 to Wsc4. In the absence of these proteins, the HSR is activated normally, but cells are heat shock sensitive, are autolytic, and do not activate the CWI transcription factor Rlm1 (478, 532) . RAD6 encodes a ubiquitin-conjugating enzyme required for the resumption of growth after heat shock-induced arrest via an unknown mechanism. Interestingly, the overexpression of WSC2 was found to reverse the rad6 phenotype, implying an intersection between the CWI pathway and the ubiquitin-proteasome machinery to regulate the transient heatinduced arrest (354) . However, an absolute requirement for the Wsc proteins to mediate heat shock-induced G 1 arrest was not established in that study, leaving open the question of whether these sensors are required for this checkpoint. Another putative plasma membrane pressure sensor, Sho1, is required for the activation of the high-osmolarity glycerol (HOG) pathway in response to heat shock, suggesting that thermal stress may in fact lead to a transient change in the perceived turgor pressure (513) .
The role of membranes and lipids in the heat shock response is enigmatic. Little work has been done with S. cerevisiae specifically to assess perturbations in the membrane lipid composition or structure in response to heat shock. A study including budding yeast and the dimorphic pathogenic fungus Histoplasma capsulatum showed that the ratio of saturated to unsaturated fatty acids affects the temperature set point at which the HSR is induced (54) . Heat shock is expected to alter membrane fluidity, and the packing constraints of membranes rich in saturated fatty acids likely would differ from those containing a higher proportion of unsaturated bonds. However, this temperature-sensing mechanism is predicated on a membrane-embedded protein component that has not been identified. The Wsc proteins are obvious candidates that must be excluded, since their presence is not required for HSR induction (532) . Stress-induced alterations in membrane fluidity can also result in changes in ion transport. The Ca 2ϩ -regulated protein phosphatase calcineurin is composed of catalytic (Cna1 or Cna2) and regulatory (Cnb1) subunits and is responsible for the upregulation of genes involved in cell wall biosynthesis, smallmolecule transport, and the synthesis of membrane lipids and ergosterol in response to stress via the dephosphorylation of the transcription factor Crz1. Cells deficient in calcineurin activity due to molecular genetic ablation or pharmacological treatment with the inhibitor FK506 or cyclosporine are highly stress sensitive, underscoring the importance of this pathway (87) . Calcineurin is also a client of the Hsp90 chaperone system (see below), further integrating the HSR with other cellular stress defense networks (196) .
Substantially more is known about post-heat-shock signaling involving lipids and lipid-derived compounds. Sphingolipids are a class of membrane components that include long-chain alkane bases (LCBs) with hydroxyl and/or amine groups at one end of the molecule. S. cerevisiae synthesizes primarily the 18-carbon LCBs dihydrosphingosine and phytosphingosine but transiently accumulates 20-carbon LCBs within 5 to 10 min of heat shock ( Fig. 1 ) (100, 101) . These compounds are rapidly converted into other complex sphingolipids and ceramide, the product of a condensation reaction between phytosphingosine and C 26 -fatty acyl-coenzyme A (CoA) (500) . A strain lacking the ability to synthesize LCBs is heat shock sensitive, and this phenotype is reversed by genetic or chemical supplementation with sphingolipids, suggesting that these molecules are required for thermotolerance or signaling (204) . This idea was reinforced by the observation that the treatment of cells with dihydrosphingosine activates the transcription of the TPS2 gene and a stress-responsive element (STRE)-lacZ fusion (see below) that reports on the activity of the Msn2/4 stress pathway (101) . However, a subsequent study using microarray analysis to evaluate differences in gene expression in response to heat shock in wild-type versus an lcb1-100 mutant strain, which is defective in sphingoid base production, failed to reveal a global defect in STRE-controlled genes (72) . This same strain is defective in heat-induced G 1 arrest, implying a role for sphingolipid signaling in the cell cycle. The lcb1-100 strain displays an aberrant transcription of cell cycle genes in response to heat shock, supporting this observation (203) . Sphingoid bases may also play important posttranscriptional roles in the response to heat stress. The heatinduced increase in the level of phytosphingosine is required for both translation and ubiquitin-dependent proteolysis as well as for the proper organization of the actin cytoskeleton (65, 89, 289) . Recently, sphingolipids have also been implicated in the formation of P bodies (discussed below), consistent with translation inhibition in their absence and in aiding cellular recovery from thermal stress (71) .
Protein Aggregation and Sequestration
The conventional view of heat shock stress is primarily one of proteotoxicity: an increase in the ambient temperature destabilizes cellular proteins. Lethality could then be predicted to result from misfolding and the subsequent loss of function of one or more essential proteins. Alternatively, the accumulation of a significant number of misfolded polypeptides could have secondary consequences, such as an inhibition of normal protein degradation by the ubiquitin-proteasome system (UPS) or the formation of toxic protein aggregates. While both of these scenarios have been observed at lethal heat shock temperatures (Ͼ50°C), little is known about the state of the proteome at the more standard heat shock temperature for mesophilic yeast of 37°C. Little to no protein misfolding, as measured by differential centrifugation to isolate insoluble aggregates, occurs at temperatures between 36°C and 37°C, even in strains defective in the cytoplasmic chaperone Hsp90 (310) . Despite this observation, the disruption of Hsp90 cochaperones, including SSE1, STI1, and YDJ1 (see below), and a number of hypomorphic mutations in HSF1 result in a temperature-sensitive growth phenotype at 37°C (59, 197, 303, 409, 468, 516, 525) . As described above, temperature-sensitive growth is also a defining characteristic of mutants of the CWI pathway, as is the remediation of this phenotype by external osmotic support. Consistently, the inclusion of 1 M sorbitol in the growth medium suppresses the growth defect of strains deficient in either Hsp90 or HSF1 at 37°C (197, 409, 468, 516) . This effect was shown to be a consequence of a requirement for the Hsp90 chaperone system to stabilize the CWI MAP kinase Slt2 (468) . Together, these results support the conclusion that the inability of cells deficient in HSP production and function to grow under heat shock conditions is not due to gross protein misfolding but rather to a specific defect in promoting the function of the CWI pathway.
An alternative explanation for the observed lack of significant protein misfolding or phenotypic consequences of heat shock at 37°C is that the protein quality control system efficiently copes with these problems. In addition to HSPs, which are capable of unfolding and refolding aggregated proteins (see below), the UPS identifies such targets and rapidly degrades ubiquitinated substrates (reviewed in reference 223). This idea is supported by the observation that the disruption of proteasome activity genetically or pharmacologically with the inhibitor MG132 results in the accumulation of ubiquitinated proteins (242) . What is the fate of these misfolded and ubiquitinated proteins? An analysis of two model misfolded proteins (a temperature-sensitive allele of UBC9 and the E364K actin [ACT1] point mutant) revealed that at 37°C, fluorescently tagged versions of these misfolded proteins accumulate in a juxtanuclear compartment (termed JUNQ) ( Fig. 2) (218) . Resident proteins in this compartment remain soluble and diffusible and likely interact with colocalized proteasomes, which are also concentrated there. Prolonged exposure to these conditions results in the accumulation of aggregated substrates in a second distinct compartment termed the IPOD (insoluble protein deposit), which exhibits a perivacuolar localization. These aggregates are not ubiquitinated, suggesting that these proteins have escaped recognition by the UPS but are nevertheless sequestered. The Hsp104 chaperone localizes to both compartments, but the total chaperone complement has not been determined, nor is it known whether chaperones contribute to the formation or dissolution of the compartments. Given that the detection of JUNQ and IPOD requires the imposition of stress and, in the case of JUNQ, proteasome inhibition, it is also not clear if these compart-FIG 2 Asymmetric distribution of damaged proteins during growth. Budding (predivision) and budded (postdivision) cells are depicted, with the net retention of damaged proteins in the mother cell resulting from Sir2-dependent transport. The two recently described "compartments" of protein aggregation, JUNQ and IPOD, are shown with known or suspected associated chaperones. Ub, ubiquitin; red asterisk, carbonylation or other protein damage; blue squiggle, unfolded protein.
ments are intermediates in a normal protein quality control pathway or are off-pathway products. Lastly, the identification of these compartments provides an important link between the inclusion bodies of prokaryotes and the aggresomes of mammalian cells, all of which operate in thematically similar if perhaps mechanistically distinct manners (11) .
Interestingly, long-lived proteins are also damaged over time as cells age or in response to oxidative stress. Heat shock is known to induce oxidative stress in a process linked to the dysfunction of the mitochondrial electron transport chain. Protein oxidation frequently takes the form of the carbonylation of a number of amino acid side groups, resulting in the formation of irreversible semialdehydes (363) . Carbonylated proteins can be selectively detected through a technique involving derivatization with 2,4-dinitrophenol hydrazine followed by decoration with an antibody that specifically recognizes the hydrazine moiety (251) . Immunofluorescence microscopy has shown that carbonylated proteins tend to form higher-order aggregates in vivo. Fascinatingly, these "clumps" of damaged proteins are selectively retained in the mother cell during the asymmetric division of budding yeast ( Fig. 2) (3). This phenomenon likely contributes to the observed replicative senescence of yeast cells after 20 to 30 generations and to the finding that daughter cells are born free of damaged proteins. Indeed, a similar process appears to function during gametogenesis (spore formation) in yeast, with damaged proteins being excluded from the developing spores (472) . The segregation of carbonylated proteins away from daughter cells was shown to require Hsp104, cytoskeletal function, and the regulator Sir2, further linking protein sequestration to aging (121) . However, the involvement of the actin cytoskeleton in retrograde transport via the formin Bni1 is under dispute, with data supporting both diffusion-based (random) and polarized-transport (targeted) mechanisms to explain the apparent asymmetry of damaged proteins in actively dividing cells (260, 530) . Further elucidations of factors governing this clearly important process should help resolve the question, including the possibility that both random and nonrandom events may be in play.
TRANSCRIPTIONAL CONTROL OF THE HEAT SHOCK RESPONSE The Heat Shock Transcriptome
In addition to the physiological changes described above, cells respond to heat shock by dramatically altering their gene expression programs. For many years, analyses of the heat shock response occurred on a gene-by-gene basis, gradually describing a coordinated response orchestrated by a small number of transcription factors. The invention of DNA microarray technology revolutionized the field by allowing the simultaneous analysis of the entire heat shock transcriptome. Two studies documented the depth and breadth of what is termed the environmental stress response (ESR), including insults such as osmotic stress, salt stress, nutrient starvation, and cold shock in addition to heat shock (58, 147) . Indeed, approximately 300 genes are induced in the ESR, and double that number are transcriptionally repressed. The latter category consists largely of protein biosynthesis genes, including ribosomal components, RNA-processing factors, and other progrowth genes. Induced genes include all of the previously known HSPs, a number of metabolic genes, and a significant fraction of genes of unknown function (148) . Remarkably, the induc-tion and repression of both gene classes are transient and scale with the magnitude (intensity) of the stress applied, demonstrating a reciprocal relationship (58, 147) . The HSR can be considered a subset of the ESR, as essentially all HSR genes are accounted for within the ESR regulon, whereas a number of ESR genes are not necessarily induced by heat shock. As detailed below, the HSR is governed by the action of primarily two transcription factors, Hsf1 and Msn2/4 ( Fig. 3 ). Array studies examining the contributions of each factor revealed a significant overlap in target gene expression, consistent with the presence of the appropriate binding sites within the promoters (147) . The Hsf1 regulon was examined in detail and was found to comprise approximately 165 genes (not exclusive of the influence of Msn2/4), which was confirmed by a chromatin immunoprecipitation assay (165) . Surprisingly, many of the genes induced by heat shock are not required for heat shock survival; that is, the respective null mutants are not grossly heat shock sensitive (153) . This finding suggests a potential disconnect between the regulation and role of a gene product but does not take into account the possibility that gene functions may be redundant or stress specific. A potential explanation is provided by the observation that the induction of the ESR/HSR is required not for survival of the stimulating stress but rather for survival of a subsequent stress. This phenomenon is termed "acquired stress resistance" and was appreciated anecdotally until 2008, when it was formally investigated. Cells unable to mount a protective response after a mild to moderate stress due to protein synthesis inhibition or the deletion of Msn2/4 showed no defect in recovery from that stress but pronounced defects in surviving a secondary insult (24) . Moreover, MSN2 or MSN4 appears to play a nonredundant role in mediating acquired tolerance, suggesting some degree of specificity between the two highly related factors. Lastly, because distinct stresses induce a common ESR, the phenomenon of cross-protection, defined as acquired tolerance to a dissimilar stress, is also explained. Therefore, heat shock induces resistance to oxidative stress and vice versa.
Hsf1
In most eukaryotes, the increased expression of heat shock proteins (HSPs) in a stressed cell is mediated primarily by so-called heat shock transcription factors (HSFs). Vertebrates and plants have evolved a family of four HSF members, i.e., HSF1 to HSF4. Among these four different HSFs, HSF1 plays a primary role in the transcriptional regulation of HSP expression (see reference 5 for a comparison of yeast and metazoan HSFs). On the contrary, yeast and other invertebrates express a single HSF with functional equivalence to HSF1. Yeast HSF1 is a single-copy, essential gene encoding an 833-amino-acid protein (441, 511) . The fundamental architecture of yeast Hsf1 is consistent with all HSF isoforms, including a DNA-binding domain (DBD), three leucine zipper (LZ) repeats responsible for the trimerization of the factor, and a carboxyl-terminal transactivation domain (CTA) ( Fig. 4) . In addition, budding yeast Hsf1 is unique in having an additional transcriptional activation domain at the amino terminus (N-terminal transactivation domain [NTA]) (320) . The DBD is the most conserved region within the HSF family and is the only functional domain of Hsf1 for which detailed structural data are available. The DBD belongs to the "winged" helix-turn-helix family of DNA-binding proteins. Like other members of the family, the Hsf1 DBD recognizes the DNA through helix ␣3, the second helix of the motif (193, 460) . However, a crystallographic study sug-gested that the recognition helix of the Hsf1 DBD is not buried as deeply in the DNA major groove as those of other winged helixturn-helix proteins, and the flexible loop or "wing" does not function to contact DNA. Instead, it contributes to interactions with adjacent Hsf1 DBDs bound to the DNA (259) . The removal of the wing region decreases Hsf1 DNA affinity and reduces its transcriptional activity under conditions of normal growth and heatshocked conditions (66) .
Heat shock elements. All Hsf1 target genes contain multiples of the pentameric sequence nGAAn, where "n" can be any nucleotide, termed heat shock transcription elements (HSEs), in their promoters ( Fig. 3) (440) . The architecture and spacing of the pentameric units vary considerably in different promoters, falling into three distinct classes. The "perfect"-type HSE consists of three continuous inverted repeats of the pentameric unit (nTTCnnGA AnnTTCn). The discontinuous or "gap"-type [nTTCnnGAAn(5 bp)nGAAn] and "step"-type [nTTCn(5 bp)nTTCn(5 bp)nTTCn] HSEs contain insertions between the consensus sequences, with a conservation of the 5-bp spacing but not the sequence, presumably to preserve the proper spatial orientation (173, 381, 522) . Human HSF1 preferentially binds to continuous HSEs over discontinuous HSEs. Yeast Hsf1, in contrast, recognizes both continuous and discontinuous repeats of the nGAAn unit (381) . This observation is consistent with the fact that vertebrates have four HSFs involved in diverse gene expression programs, while yeast cells are limited to a single Hsf1 for the control of the expression of HSPs and other targets under both normal and stress conditions. The active DNA-binding form of yeast and other HSFs is a homotrimer (28) . Although each nGAAn unit in an HSE is a recognition site for a single Hsf1 monomer, a minimum of three pentameric units is required for stable binding in vitro (338) . Some target genes contain four to six contiguous units that make contact with two neighboring Hsf1 trimers and seven to eight units that may recruit up to three colocalized trimers. Cooperative binding between yeast Hsf1 trimers is not as significant as that of vertebrate HSF1: a single yeast Hsf1 trimer is sufficient to activate transcription (431) , and thus, additional nGAAn units in genes with multiple HSEs possibly function to increase the overall stability of the Hsf1-DNA interaction.
Hsf1 functional domains. The oligomerization domain is another highly conserved functional region among all identified HSF genes (132, 480) . The 91-amino-acid domain located carboxy terminally to the DBD mediates the formation of a homotrimer of HSF monomers via a triple-stranded ␣-helical coiled coil, similar to the trimerization domain found in the influenza virus hemagglutinin protein ( Fig. 4) (339) . Structure studies of Kluyveromyces lactis revealed that the trimerization domain comprises 7-residue repeating sequences termed heptad repeats in two subdomains: helix A (HR-A), located at the N terminus of the trimerization domain, and helix B (HR-B), located at the C terminus of the domain (340) . Both HR-A and HR-B are amphiphilic helices containing hydrophobic residues that occupy the interhelical surface and thus are also known as leucine zipper (LZ) domains. Proteolysis and nuclear magnetic resonance (NMR) studies suggested that the isolated Hsf1 trimerization domain may form an all-parallel, elongated structure (340) . Since the activation of gene expression by Hsf1 requires three HSE repeats in vivo, the trimerization of Hsf1 might increase the affinity of DNA binding and stabilize protein-DNA interactions (108) . Trimerization is also a key point of regulation of HSF1 activity in higher eukaryotes. In vertebrate and Drosophila melanogaster cells, inactive HSF1 is maintained in the cytoplasm as a monomer (12, 352) . Elevated temperatures and other HSF-activating stresses lead to the trimerization of HSF1 to permit DNA binding (510) . However, this step of activation is not universal. In yeasts such as S. cerevisiae and K. lactis, Hsf1 appears to bind DNA constitutively as a trimer (28, 439) . A distinguishing feature of Hsf1 from S. cerevisiae and the closely related yeast K. lactis is the presence of distinct transactivation regions at both the N and C termini of Hsf1 (Fig. 4 ). The N-terminal transactivation domain (NTA) is located within the first 170 amino acids (320, 437) . The C-terminal transactivation domain (CTA) is found between residues 595 and 783 (62) . A structural analysis showed that the NTA is unstructured, as probed by heteronuclear NMR (64) . The CTA is predominantly unfolded under physiological conditions but exhibits a certain amount of secondary and tertiary structures, as measured by circular dichroism (CD) and protease resistance. The ␣-helical content can be significantly increased at high temperatures, at acidic pHs, or by the addition of the disaccharide trehalose, suggesting that the CTA undergoes distinct conformational changes under different conditions (42, 336) . Although both transactivation domains are strong constitutive activators when fused to a heterologous DNA-binding domain such as lexA, studies of a synthetic HSE-lacZ reporter suggested that the two transactivation domains respond differently to thermal stress (437) . The NTA appears to mediate "transient" increases in levels of Hsf1 activity, while the CTA is required for "sustained" increases. The transient and sustained activities of Hsf1 are regulated over different temperature ranges, and increases in both activities lead to increased levels of Hsf1 phosphorylation (437) . The deletion of either transactivation domain does not affect cell growth under normal growth conditions (320, 437) . However, the elimination of the CTA, but not the NTA, leads to a temperature-sensitive phenotype and the arrest of the cell cycle in both the G 1 /S and G 2 /M phases due to the depletion of Hsp90 at 37°C, as described above in this review (303) . The deletion of the NTA between residues 40 and 170 results in the constitutive activation of Hsf1 in the absence of a heat shock (30) . High-resolution mapping of the CTA found that point mutations that abolish the activation of the heat shock response result in temperature-sensitive growth (62) . These observations suggest that the NTA functions as a negative regulator by masking the CTA and that the CTA is not sufficient for Hsf1 activation during stress (Fig. 4) . The presence of two distinct transactivation domains in yeast may provide additional levels of regulation or selectivity in gene activation. For example, the CTA is required for the heat-or glucose starvation-induced activation of the yeast metallothionein gene CUP1 but is dispensable for the transient heat shock induction of the yeast Hsp70 homologs SSA1 and SSA3 (386) . In addition, the CUP1 gene differs from typical HSP genes by requiring a temperature of 39°C for robust induction, rather than the standard 37°C for most Hsf1 targets (456) .
Regulation of Hsf1 transcriptional activity. The activation of metazoan HSF1 is a multistep process, including trimerization, nuclear translocation, DNA binding, and posttranslational modifications. However, S. cerevisiae HSF1 is essential for cell viability at all temperatures and consistently is constitutively bound on promoters of HSP genes as a trimer in the absence of stress. Furthermore, the transactivation potency of yeast Hsf1 is negatively regulated for both transactivation domains. These properties strongly suggest that the Hsf1 function is modulated largely posttranslationally. In addition, the loss of two potential control nodes-nuclear translocation and trimerization-suggests that the derepression/activation of the Hsf1 transactivation domains is a plausible regulatory mechanism. The primary amino acid sequence of yeast Hsf1 predicts a molecular mass of 93.2 kDa. However, the protein usually migrates as a spaced doublet of 150 to 160 kDa from nonstressed cells and up to 190 kDa from heat-shocked cells on SDS-polyacrylamide gels, suggesting that significant posttranslational modifications are involved in both the "resting state" and stress-induced levels of activity (438, 441) . A major feature of Hsf1 is that its conversion into the active form occurs simultaneously with extensive phosphorylation detectable by a significant retardation of migration on SDS-PAGE gels. Increases in Hsf1 activity levels measured by an analysis of target gene expression or an HSE-lacZ reporter assay correlate with the degree of phosphorylation when cells are shifted between 15°C, 20°C, and 30°C. This observation is further supported by the phosphatase treatment of cell lysates from heat-shocked cells, which significantly decreases the mobility shift (441) . Moreover, a detailed kinetic study demonstrated that Hsf1 is rapidly phosphorylated after heat shock, declining to a low degree of phosphorylation coincident with the transient induction of HSP genes (262) . Interestingly, the phosphorylation induced by menadione, a pro-oxidant that generates a superoxide anion in vivo, displays a different and sustained kinetic pattern. The two-dimensional resolution of tryptic phosphopeptides also showed that Hsf1 is phosphorylated at different phosphor-acceptor sites in response to heat or menadione, suggesting that Hsf1 undergoes stress-specific phosphorylation (262) . Although hyperphosphorylation generally correlates with the transactivation of Hsf1, many phosphorylation events have been established to repress its transcriptional activity. Sorger first reported that yeast Hsf1 remains hyperphosphorylated after the termination of the transient activation of the heat shock response (437) . Structural data suggest that a yeast-specific heptapeptide termed CE2 may regulate phosphorylation in the "resting state." CE2 restrains the activity of the CTA domain, while the sequence adjacent to CE2 is rich in serine residues (SMSSSSS) ( Fig. 4 ) (201, 437) . The replacement of all six serines with alanine causes a derepression of Hsf1 activity and the elimination of most but not all electrophoretic mobility shifts on SDS-PAGE gels. On the contrary, when these serines are replaced with negatively charged amino acids to mimic phosphorylation, Hsf1-mediated transcription is repressed upon heat shock (188) . These observations suggest that the phosphorylation of the serine-rich domain functions to repress Hsf1 basal activity and/or return Hsf1 to the inactive state in the attenuation phase. Interestingly, the deletion of CE2 leads to constitutively high levels of phosphorylation within the serine-rich domain in nonstressed cells (188) . It seems likely that CE2, which represses the CTA, is a major control element for phosphorylation within the serine-rich domain. This finding is consistent with another study demonstrating that an alteration of two arginine residues (residues 826 and 830) in the CTA to gluta-mate completely abrogated the heat-inducible phosphorylation of Hsf1 (172) . Taken together, phosphorylation likely plays both positive and negative roles in the regulation of Hsf1 transcriptional activity. A complete understanding of Hsf1 phosphorylation requires the identification and characterization of the involved kinases and phosphatases. A phospho-amino acid analysis of Hsf1 showed that at 20°C, the majority of the phosphate resides on serine residues, while at 39°C, phosphoserine and phosphothreonine are present at approximately a 3:1 ratio, respectively. Moreover, the absolute levels of both phosphorylated residues increase during heat shock (437) . Hsf1 therefore is very likely phosphorylated by one or more serine-threonine protein kinases. Snf1, a homolog of mammalian AMP-activated kinase, is required for the glucose starvation-induced, Hsf1-dependent activation of the CUP1 metallothionein gene (456) . However, the activation of Hsf1 by heat shock is Snf1 independent, suggesting the involvement of other kinases (166) . Utilizing a Tn7-based insertional mutagenesis approach, Ferguson et al. found that protein kinase A (PKA) represses the Hsf1-dependent expression of the HSP26 gene in nonstressed cells, but regulation was not universally observed among all Hsf1 target genes. In addition, diminished PKA activity paradoxically leads to increased levels of Hsf1 phosphorylation, indicating that PKA indirectly inhibits Hsf1 activity (130) .
Recently, the dual-specificity, tyrosine phosphorylation-regulated kinase Yak1 was shown to play a key role in mediating the PKAdependent regulation of Hsf1. Yak1 was first identified as a growth antagonist and is negatively regulated by PKA (146, 244) . An in vitro kinase assay established that purified Yak1 phosphorylates truncated Hsf1 between residues 1 and 180. Moreover, Yak1 activates Hsf1 by inducing its DNA-binding activity under conditions of low PKA activity, such as acute glucose depletion. However, the deletion of YAK1 showed no significant effect on Hsf1 activation upon heat shock (243) . To date, no definitive support for Hsf1specific protein phosphatases has been obtained. In sum, despite the abundance of Hsf1 phosphorylation events and significant efforts to understand them, no clear picture has yet emerged to encapsulate the positive and negative effects of this posttranslational modification. Indeed, even phosphorylation events previously thought to be worked out, in this case, the phosphorylation of serines 303 and 307 in mammalian HSF1 by the glycogen synthase kinase 3 (GSK3) family of protein kinases, are now being brought back into question by contrasting data (15) . Chaperone regulation of Hsf1. Early studies of cultured Drosophila cells showed that the expression levels of HSP genes increased rapidly after the initiation of a heat shock treatment, followed by a decrease in gene expression levels to slightly above the levels under prestress conditions (257) . This observation suggests that the heat shock response is self-regulated via repression under nonstress conditions and attenuation under conditions of moderate thermal stress. As discussed below, substantial genetic and biochemical evidence suggests that two classes of heat shock proteins, Hsp70 and Hsp90, serve as trans-acting Hsf1 repressors that may fulfill both roles ( Fig. 3 ) (reviewed in references 79 and 481). The deletion of SSA1 and SSA2, the two constitutively expressed Hsp70 chaperones in the cytoplasm, leads to the activation of Hsf1 at normal growth temperatures (81, 284) . The ATPase activity of Hsp70 seems to play an important role in Hsf1 repression, as mutants lacking the Hsp70 nucleotide exchange factors SSE1 and FES1 result in the constitutive transcriptional competence of Hsf1 (263, 412; Y. Wang and K. A. Morano, unpublished data). The Ssb1 and Ssb2 members of the Hsp70 family, which are ribosomeassociated chaperones, were also detected to form a stable and ATP-sensitive complex with Hsf1 (29, 266) . Interestingly, the ssb1⌬ ssb2⌬ double mutant leads to an increase in Hsf1 activity in heat-shocked cells but does not derepress Hsf1 in nonstressed cells (29) . These findings suggest that the Ssa and Ssb subclasses of Hsp70 play subtly distinct roles in Hsf1 regulation. Despite these observations, Hsp70 alone is insufficient to suppress HSF1 in mammalian cells (353) . Instead, Hsp70 may act in conjunction with the Hsp90 chaperone complex, which is responsible for the maturation and regulation of various client proteins. Hsp90 associates with a number of cochaperones, including Hsp70, Sti1, Cpr6/7, and Sba1, to achieve its cellular functions at different steps of the client-specific folding cycles (see below). Some of the functions attributed to Hsp70 and its nucleotide exchange factors in the regulation of Hsf1 activity may reflect a joint effort with Hsp90. In human cells, Hsp90 is found to be associated with HSF1 in vivo and in vitro (531) . In yeast, a double mutant lacking constitutively expressed Hsp90 and a cyclophilin 40 homolog, hsc82⌬ cpr7⌬, exhibits high levels of Hsf1 activity in the absence of stress and is thermotolerant (113, 169) . Moreover, studies to identify Hsf1 pharmacological modulators showed that some Hsf1 activators also function as Hsp90-specific inhibitors, such as geldanamycin and radicicol (67, 241, 403) . Recently, celastrol, an active component of Chinese medicine, was found to promote HSP gene expression through Hsf1 activation and to block the maturation of Hsp90-dependent steroid receptors in yeast and human cells (185, 465, 507) . Therefore, the Hsp70/Hsp90 chaperone complex represses the transcriptional activation of Hsf1 under nonstress conditions. During heat shock, the accumulation of unfolded or damaged proteins may titrate the chaperone machinery from Hsf1, allowing the derepression of the transcription factor. An obvious deficiency in this model for the yeast system is the lack of concrete evidence for a physical association between Hsp90 and Hsf1 in nonstressed cells, despite the abundance of genetic support. However, it is possible that the chaperone-transcription factor interaction is not robust enough to survive standard copurification or affinity isolation protocols. This hypothesis is in keeping with the fact that the chaperone repression of Hsf1 appears to operate with a "hair-trigger" mechanism that would not be consistent with high-affinity binding.
Msn2/4
The stress response element. In addition to heat shock gene transcription mediated by Hsf1, a parallel pathway in S. cerevisiae senses and responds to a remarkable variety of stresses besides heat shock. The regulatory element of this "general" stress pathway was originally identified as an Hsf1-independent sequence in the promoters of the DNA damage-responsive gene DDR2 and the nutrient stress-responsive gene CTT1 (231, 512) . This "stress-responsive element" (STRE) is a 5-bp sequence functional in both orientations (CCCCT or AGGGG). Analyses of mutational variants indicated that a sequence alteration within the CCCCT element completely abolishes the regulatory efficacy of the STRE, while base changes in the flanking sequence and a modulation of the spacing between elements only slightly reduce the transcriptional response (462) . A single iteration of the STRE is sufficient for the basal and stress-induced expression of a heterologous CYC1-lacZ reporter, but multiple STREs confer a more robust induction of gene expression in a noncooperative manner (231) .
Function and regulation of Msn2/4. Two functionally related transcription factors, Msn2 and Msn4, mediate STRE-mediated gene expression (396) . MSN2 was initially identified as the multicopy suppressor of temperature-sensitive protein kinase SNF1 mutant and contains two zinc finger motifs near the C terminus of the Cys 2 His 2 type, which are closely related to those of the yeast Mig1 and Rgm1 repressors (125, 126) . A highly related gene, MSN4, bears 41% identity in amino acid sequence to MSN2. The deletion of both MSN2 and MSN4 leads to sensitivity to thermal, oxidative, and osmotic stresses (126, 282) . Of the two genes, MSN2 seems to play a more pronounced role, as the overexpression of MSN4 can only partially suppress phenotypes of an msn2⌬ mutant (396) . Genetic analyses of msn2⌬, msn4⌬, and msn2⌬ msn4⌬ mutants found that although Msn2 and Msn4 exhibit functional redundancy, they may play distinct roles in the regulation of stress-induced gene expression. For example, the stressdependent induction of PDE2, a gene encoding a high-affinity cyclic AMP (cAMP) phosphodiesterase, is not affected by Msn2 but is completely eliminated in the double mutant strain. On the contrary, the induction of the yeast phosphoglucomutase isozyme gene PGM2 is dependent exclusively on Msn2 (463) . Furthermore, MSN2 and MSN4 display different expression patterns at the diauxic transition (96) . Genomic expression studies of yeast cells utilizing DNA microarrays revealed that the expression of MSN2 is constitutive under all conditions, whereas MSN4 gene expression is stress induced, and induction is mediated by itself and Msn2 (147) .
The multistress response mediated by Msn2/4 is generally transient, and the intensity and duration of the response are dependent on the strengths of the stresses (147) . In vivo footprinting analyses suggested that the occupancy of STREs increases rapidly in an Msn2/4-dependent manner under stress conditions (158) . This observation is further supported by fluorescence microscopy analyses of the subcellular localization of myc9-and green fluorescent protein (GFP)-Msn2 fusion proteins. Both fusions are found primarily in the cytoplasm and are largely excluded from the nucleus in nonstressed cells ( Fig. 3 ). Stress treatments, including temperature upshift, ethanol, sorbate, and osmotic stress, lead to the accumulation of Msn2 in the nucleus, suggesting an oscillatory localization (158) . Two nutrient-sensing pathways have been described to play important regulatory roles in controlling Msn2/4: the cAMP-protein kinase A (PKA) pathway and the TOR pathway ( Fig. 3 ). PKA activity is regulated by nutrient sufficiency through the modulation of cellular cAMP levels by activating G proteins and adenylate cyclase. Low levels of PKA activity brought about by heat shock or growth under glucose-replete conditions result in the nuclear accumulation of Msn2 and Msn4 in the absence of stress, whereas high levels of PKA activity effectively block the nuclear localization of the transcription factors in stressed cells (145, (158) (159) (160) . Msn2 and Msn4 each contain a nuclear localization signal (NLS) near the C terminus. Deletion and mutagenesis analyses demonstrated that the substitution of S288 with alanine or aspartate in MSN2 leads to constitutive nuclear accumulation, which is reversible by high exogenous levels of cAMP. Export is completely abolished when S288 is modified in combination with S620, S625, and S633. Thus, the PKA consensus site required for Msn2 nuclear export includes S288, and the cAMP levels are partially redundant with PKA to regulate the trans-localization of the two factors (158) . Recent studies showed that Yak1 may contribute to the PKA-dependent inhibition of Msn2/4. Yak1 kinase ac-tivates Msn2/4 under conditions of glucose starvation and directly phosphorylates the two factors in vitro (243) . Yak1 is also restrained in the cytoplasm under high-glucose conditions by an association with the 14-3-3 protein Bmh1, in a PKA-dependent manner (244) . Furthermore, genetic evidence suggests that Bcy1, a regulatory subunit of PKA, mainly affects the phosphorylation status of the Msn2 NLS by the downregulation of PKA (159) Several studies also demonstrated that the protein phosphatase PP1 dephosphorylates Msn2 (99, 248, 285) . Taken together, when cells encounter acute glucose starvation, PKA activity is downregulated via Bcy1 or PP1. The decrease in the activity of PKA activates Yak1, which in turn phosphorylates Msn2/4. Hyperphosphorylated Msn2 and Msn4 fail to be exported, and consequently, the accumulation of the two factors leads to an induction of STRE-mediated gene expression. Interestingly, YAK1 gene expression is mediated by Msn2/4, suggesting a potential autoregulatory loop (275) .
The TOR signaling pathway also impacts the activities of Msn2 and Msn4. Unlike the cAMP-PKA pathway, which appears to regulate primarily nuclear export, TOR prevents the nuclear import of Msn2 and Msn4 (18) . The rapamycin-sensitive TOR signaling pathway is known to control cellular responses to nutrient stress, especially carbon and nitrogen starvation (458) . TOR inhibits the expression of STRE-containing genes by stimulating the association of Msn2/4 with the cytoplasmic 14-3-3 protein Bmh2 ( Fig. 3 ) (18) . However, the localization of Msn2/4 is not the sole regulatory point in STRE-mediated gene expression. The nuclear localization of Msn2/4 is dependent on the expression of MSN5, encoding a nucleus export receptor (6) . The deletion of MSN5 results in the accumulation of the two factors in the nucleus under normal growth conditions but has no effect on the regulation of STRE-dependent gene expression (124) . This important observation suggests a functional redundancy within the Msn2/4 regulatory network and the presence of another posttranslocation activating step. A recent systematic study examined the effects of 35 single-deletion mutants of Msn2/4 partners on STRE-dependent gene expression after exposure to heat, oxidative, and osmotic stresses (377) . That study suggested that Msn2/4 activity is precisely modulated by multiple partners to provide an optimal stress response. Regulatory inputs included those governing not only nuclear localization but also differential activation, proteasomal degradation, and chromatin remodeling. The combinatorial control of the "general" stress response is critical to effectively manage gene expression induced by multiple different environmental stresses.
Cross-Protection and Acquired Thermotolerance
The ability of cells to survive exposure to a sudden lethal temperature shock is defined as thermotolerance. Pretreatment at sublethal temperatures conditions cells to survive severe heat shock, which would otherwise be lethal. This phenomenon is termed acquired thermotolerance (383) . It is commonly assumed that the gain of thermotolerance is due to the induced synthesis of heat shock proteins, and in fact, wild-type yeast cells shifted from 30°C to 37°C before exposure to 50°C showed significant increases in the survival rate compared with cells shifted directly to 50°C (162, 383) . A strain lacking both alleles of the constitutive cytosolic Hsp70, ssa1⌬ ssa2⌬, renders the heat shock transcription factor Hsf1 constitutively active, and this strain is more tolerant of extreme temperatures than wild-type cells (81) . Conversely, the de-letion of the inducible chaperone HSP104 dramatically decreased the transient thermotolerance conferred by a sublethal heat shock, suggesting that Hsp104 is one of the major heat shock proteins that contribute to acquired thermotolerance (162). As described above in this review, in addition to Hsp104, trehalose levels appear to be another major determinant of thermotolerance. However, trehalose may contribute more to prolonged stress protection, whereas heat shock proteins are essential for the transient acquisition of thermotolerance (162) . Interestingly, the production of Hsp104 is regulated by both the heat shock transcription factor Hsf1 and the general stress transcription factors Msn2 and Msn4, while trehalose levels are modulated primarily by Msn2/4 (282) . Yeast cells exposed to sublethal stress gain tolerance not only to higher doses of the same stress but also to other disparate environmental stresses. A meta-analysis of stress microarray data sets indicated that 21 out of 37 predicted stress-responsive regulators (for example, Hsf1, Msn2/4, and the oxidant response factor Yap1) have overlapping functions under at least half of the eight conditions of environmental stresses surveyed, including oxidative stress, heat/cold shock, and osmotic stress (61) . Several studies supported the observation that thermotolerance is tightly linked to aerobic metabolism, likely through the generation of oxidative stress. Mutants deficient in the key antioxidant enzymes catalase, superoxide dismutase (SOD), and cytochrome c peroxidase demonstrate pronounced thermal sensitivity at 50°C, while the overexpression of these enzymes confers thermotolerance (90) . The superoxide anion (O 2 Ϫ ) not only activates the yeast Yap1 oxidant defense transcription factor but also selectively induces the Hsf1-dependent expression of the copper metallothionein CUP1 (4, 246, 262) . Heavy metals and other noxious chemicals are also potent HSF activators in both yeast and human cells. A constitutively active HSF1 allele exhibiting high-level basal transcription activity was shown to result in enhanced cadmium resistance (405) . The treatment of cells with the natural product celastrol or diverse chemical electrophiles activates both Hsf1 and Yap1, leading to both thermotolerance and oxidant resistance (465; Wang and Morano, unpublished). Together, these finding suggest that in addition to Yap1, yeast Hsf1 can sense oxidative stress and assist in mounting a defensive transcriptional response. Yap1 has been shown to sense hydrogen peroxide and other oxidants and electrophiles through reactive cysteines in its primary sequence (10, 94, 95) . Because yeast Hsf1 lacks cysteines, how this stress factor senses and responds to oxidants remains unclear. It is likely that one or more unidentified cellular factors may act as proxy sensors.
Posttranscriptional Control of the Heat Shock Response
Nuclear mRNA export during heat shock. How does heat shock affect gene expression posttranscriptionally? Many nascent transcripts are processed after synthesis in the nucleus but must then be exported to the cytoplasm for translation. In response to heat shock (42°C), bulk poly(A) ϩ RNA accumulates in the nucleus (375) , while HSP mRNAs are translated, and therefore presumably exported, efficiently. Signals in the 5= and 3= untranslated regions (UTRs) of the message were found to be required for the export of SSA4 transcripts, encoding an Hsp70 isoform (375) . At least one nuclear pore protein, Rip1, is required for the export of heat shock transcripts during thermal stress but not under normal growth conditions, defining a specific transport pathway for these important mRNAs (376) . The CWI MAP kinase Slt2 is also re-quired for mRNA retention during heat shock, via the phosphorylation of the mRNA-binding protein Nab2 (52) . Interestingly, another pair of RNA-decapping enzymes (Edc1/2) is required for the efficient translation of mRNAs during heat shock but not growth at normal temperatures (311) . These results suggest that the processing requirements for efficient mRNA translation may differ under the two conditions, possibly due to an inactivation of other required components. In support of this idea, the major mRNA export factor Gle2 and the DEAD box protein Rat8 dissociate from nuclear pore complexes at 42°C, thereby limiting bulk transport (369) . Interestingly, the pretreatment of cells at 37°C prevents the dissociation of both proteins, consistent with the general theme of acquired thermotolerance via preexposure to mild stress (198) .
mRNA sequestration in response to stress. Recent work has defined novel ribonucleoprotein assemblies, termed processing bodies (P bodies) and stress granules (SGs), that appear to concentrate nontranslating mRNAs in exchangeable but sequestered pools in response to a variety of stress conditions, including glucose starvation and osmotic stress. Heat shock preferentially induces the formation of SGs that contain translation initiation factors (eukaryotic initiation factor 2 [eIF2] and eIF3), 40S ribosomal subunits, and non-heat-shock mRNAs (40, 333) . These components are capable of redistributing into the cytoplasm and engaging in translation upon a return to normal temperatures (163) . Heat-shock-induced SGs also contain a subset of P-body components involved in RNA degradation, including Dcp2 and Dhh1, yet are spatially distinct from other P-body markers (163) . The precise roles of these assemblages are still unknown at present, as RNA-processing steps such as decapping and degradation occur in the absence of detectable PB formation. It is tempting to speculate that the formation of SGs may be yet another way for cells to reduce total protein synthesis under unfavorable protein-folding conditions such as heat shock. Moreover, a model wherein SGs act as temporary, protected "storage" compartments for translatable mRNAs is attractive, as it would allow for the rapid reinitiation of the translation of existing transcripts when cells return to proliferative conditions. Such a model predicts that cells incapable of producing SGs in response to heat shock might exhibit reduced survival or delayed reentry into normal growth, but this hypothesis is yet to be tested. Given that both PBs and SGs are sizable multiprotein complexes, it is also conceivable that HSPs may play a role in their assembly or disassembly. Indeed, a number of known PB/SG protein subunits contain glutamine-rich prion-like domains that could serve as potent recruitment regions for the Hsp104 and Hsp70 machinery (91) .
MOLECULAR CHAPERONES OF THE CYTOPLASM
At any given time, hundreds of macromolecular processes involving proteins are occurring in the cytosol of a cell. Given the extremely high protein concentration in this environment (over 300 mg/ml), protein-protein interactions must be governed and modulated appropriately (140) . In addition, the constant influx of newly synthesized polypeptides provides a significant proteinfolding problem, as does the recognition of damaged proteins that must be targeted and shepherded for degradation. One way in which cells maintain the proper homeostatic balance of the proteome is through the deployment of protein molecular chaperones. Molecular chaperones are a ubiquitous group of proteins involved in the folding and remodeling of other proteins (120) .
Although the term "heat shock protein" is commonly used synonymously with "chaperone," distinctions must be made, as not all heat shock proteins are chaperones, and not all chaperones are induced by heat shock. A panoply of different classes of chaperones participate in protein biogenesis and quality control, and there is a growing appreciation that these machines cooperate in multichaperone networks (157) . In this section, we review the current understanding of the roles that molecular chaperones play in the yeast cytosol and nucleus as a model for an understanding of the protein-folding and remodeling requirements of a eukaryotic cell (Table 1 ).
Hsp70 and Cofactors
The 70-kDa family of heat shock proteins (Hsp70s) is arguably the most highly conserved family of proteins throughout evolution. In yeast, this ubiquitous family of chaperones is found in many cellular compartments and plays major roles in cell viability (78) . Hsp70s function primarily to ensure the proper folding of nascent or misfolded proteins through the recognition of determinants in the tertiary structure, usually the solvent exposure of hydrophobic patches normally buried within a properly folded protein. Hsp70s are functionally divided into two domains: an N-terminal nucleotide-binding domain (NBD) and C-terminal substrate-binding domain (SBD). The NBD is approximately 44 kDa and is related to the hexokinase and actin ATP-binding folds with a bilobular structure (131) . Traditionally referred to as the "ATPase" domain, the discovery (see below) that at least some Hsp70-related proteins bind ATP but exhibit weak to nonexistent ATPase activity has prompted a change in terminology. An interdomain linker plays an important role in allosteric communication between the two regions, transmitting conformational information to the SBD based on nucleotide occupancy in the NBD (483, 484) . The SBD is itself composed of two subdomains, an 18-kDa substrate interaction domain and a 10-kDa variable domain located at the extreme C terminus. The SBD is made up primarily of ␤-sheets that form a binding interface for substrates and an ␣-helical "lid" that assists in conferring high-affinity substrate binding. A short and relatively unstructured intervening sequence connects the ␤-sandwich and lid domains. While substrate binding requires only the presence of the ␤-sandwich domains, the active folding of substrate proteins requires allosteric communication between the NBD and SBD (483, 484) . The variable domain is important for adaptor protein interactions; for example, some Hsp70s contain an "EEVD" sequence necessary for binding to tetratricopeptide repeat (TPR) domains of cochaperones (139) . Classical Hsp70s function through a nucleotide-dependent cycle. When bound to ATP, the SBD of Hsp70 is in a low-affinity substrate-binding conformation. ATP hydrolysis results in conformational changes within the NBD that are transmitted to the SBD, resulting in further conformational changes that increase substrate affinity. Ultimately, the release of the ADP and replacement with ATP confer the release of the folded or partially folded substrate, allowing the cycle to repeat. Two major classes of cochaperones interact with the NBD of Hsp70 to assist protein folding by regulating its cycle: the J-domain proteins and the nucleotide exchange factors (NEFs), which will be discussed below. In S. cerevisiae, the cytosolic Hsp70 superfamily includes the Ssa, Ssb, and Sse families and the atypical Ssz1 (stress seventy A, B, E, Z) family (505) . The paralogs Sse1 and Sse2, while clearly related to Hsp70, are best classified as members of the Hsp110 subfamily of Hsp70-like proteins.
As described in detail below, Hsp110s were recently shown to act as nucleotide exchange factors for the Hsp70s (106, 360, 410) . Based on in vitro and in vivo experiments examining substrate specificity and protein interactions, it was proposed that the Hsp70s can be classified into two broad categories: generalist and specialist. Generalists promiscuously bind to hydrophobic regions of unfolded proteins to promote folding and are responsible for many of the protein quality control functions in the cell; this group includes the Ssa family. The specialists function in specific processes or with specific substrates; this group includes the Ssb family, which is associated with ribosomes and is primarily involved in cotranslational protein folding (77, 202, 343) . The Ssa Hsp70s. Four genes encode members of the Ssa family. SSA1 is constitutively expressed, but at lower levels than SSA2, and is induced under stress conditions. SSA3 and SSA4 are expressed only under stress conditions and in strains deleted for SSA1/2 due to the derepression of Hsf1 (313) . In addition, SSA3 is highly induced upon entering the stationary phase (31, 504) . Viability can be conferred by the constitutive expression of any single Ssa isoform, suggesting a high degree of functional redundancy. Ssa1 and Ssa2 are required for diverse protein homeostatic functions in the cell, such as protein folding, translocation, and degradation. While the disruption of either gene results in no detectable phenotypes, the simultaneous deletion of SSA1 and SSA2 results in slow growth and thermosensitivity at 37°C (506) . This phenotype is surprising, as SSA3 and SSA4 are induced upon heat shock and are transcriptionally derepressed in the absence of the constitutive Hsp70s, and suggests that Ssa3/4 cannot completely complement the loss of Ssa1/2 despite the high degree of similarity. This distribution of constitutive and heat-inducible Hsp70 isoforms is entirely analogous to mammalian cells that express both Hsc70 (heat shock cognate) and Hsp70 (heat shock protein) and suggests a strong selection pressure for an additional Hsp70 functional capacity in heat shock or other environmental stress situations (80) . Due to their semiredundant nature and the existence of four independent genes, genetic analyses of Ssa function have been challenging. To date, nearly all phenotypic consequences for Ssa Ϫ cells have been elucidated by using either an ssa1⌬ ssa2⌬ deletion strain or a temperature-sensitive allele generated in the laboratory of Elizabeth Craig, termed ssa1-45 (19) . The latter strain lacks all four endogenous Ssa genes and expresses a temperature-sensitive allele of SSA1 that inactivates within 30 min at 37°C. A shift to the nonpermissive temperature therefore renders cells devoid of all Ssa activity, which ultimately leads to cell death. Experiments using this allele must therefore be carefully monitored, as it is possible that the observed phenotypes could be due to cell morbidity rather than specific defects in Ssa function.
The protein-folding activity of Ssa proteins is one of the most well-known and well-studied functions, and it has been shown that the depletion of the Ssa proteins in vivo leads to folding defects for endogenous enzymes such as ornithine carboxylase and the commonly used model protein firefly luciferase (FFL) (225, 473) . In addition, complementing studies showed that the immunodepletion of Ssa1/2 disrupted the refolding of denatured FFL in yeast lysates (225, 252) . Initially, it was thought that the Ssa family interacts with proteins only posttranslationally. However, the deletion of the nonessential ribosome-associated Ssb increased the cotranslational interaction of nascent polypeptides with Ssa1, suggesting that Ssa chaperones are competent to interact with chains emerging from the ribosome (521) . The inactivation of SSA1 in the ssa1-45 strain resulted in a nearly complete abrogation of protein synthesis within 90 min, strongly supporting a role for this chaperone in bulk translation (225) . Ssa has been found to physically interact with two ribosome-associated factors, the Hsp40 Sis1 and the poly(A)-binding protein Pab1, providing a direct link between the chaperone and translating ribosomes (191) . The Ssa family is also involved in protein translocation across cellular membranes, including the vacuole, the nucleus, mitochondria, and the endoplasmic reticulum (ER) (97, 286, 388, 420) . The depletion of Ssa activity through a GAL-SSA1 shutoff approach provided the first demonstration that a cytosolic Hsp70 is required for organellar translocation (97) . The loss of Ssa function resulted in the defective translocation of both the yeast pheromone alphafactor (␣F) and the ␤-subunit of the mitochondrial F 1 -ATPase. Another major Ssa-mediated function is protein degradation. The model misfolded protein construct ⌬ssCG* (a mutated cytosolic form of the vacuolar protease carboxypeptidase Y [CPY] fused to a GFP tag) is a substrate for proteasomal degradation and was found to aggregate and display reduced degradation kinetics in ssa1-45 cells at the nonpermissive temperature (332) . In that same study, the deletion of other chaperones, such as HSP104, HSC82, HSP82, the small Hsps (sHsps) HSP26 and HSP42, and SSE1, did not result in degradation defects. In contrast, the finding that Sse1 is not involved in degradation was disputed by a recent report showing that the ubiquitination and, ultimately, the degradation of the same model protein require both Sse1 and Ssa1 (181) . A study using the endogenous yeast protein fructose-1,6-bisphosphatase (FBPase), which is expressed in the presence of nonfermentable carbon sources and degraded upon a shift to glucose, likewise uncovered a requirement for Ssa function in degradation (213) . Fascinatingly, despite the high degree of sequence conservation between Ssa1 and Ssa2, only Ssa1 is competent to mediate FBPase degradation. A recent study narrowed the cause for this specificity to a single residue in the ATPase domain, alanine 83 (417) . Substitution with glycine (the analogous residue in Ssa2) blocked Ssa1 functions in this biological process, and conversely, the replacement of the glycine with alanine in Ssa2 allowed this chaperone to complement the transport defects in the ssa1⌬ null strain, demonstrating that a methyl group determines the functional delineation between Ssa1 and Ssa2 in this pathway. Additional reports have implicated Ssa in regulatory roles in RNA degradation and multidrug resistance (115, 407) . In these scenarios, the recruitment of Ssa is required to stabilize and promote the activity of substrate proteins. The diverse functional roles that the Ssa family plays reflect its ability to nonspecifically interact with substrates and to be regulated by a large number of structurally distinct cochaperones that are discussed below. The SSB Hsp70s. The nonessential Ssb family is a fungal-specific class of Hsp70 composed of Ssb1 and Ssb2, which share 99% sequence identity and are considered to be functionally interchangeable (314) . The levels of transcription of both genes decrease upon a shift to heat shock temperatures, in sharp contrast to the heat-inducible Ssa family (80, 266) . The expression of SSB1/2 is regulated similarly to ribosomal proteins, supporting their role in cotranslational protein folding: they are most highly expressed when cells are growing in the presence of glucose, and expression is diminished at the diauxic shift, along with ribosomal gene synthesis (34, 147) . The Ssbs are associated primarily with translating ribosomes and the ribosome-associated complex (RAC), composed of Ssz1 and the J-domain protein zuotin (Zuo1) (149) . The RAC binds close to the ribosomal exit tunnel, which is also the predicted region for Ssb binding due to its association with nascent chains and the RAC (149, 343) . The interaction of Ssb with the ribosome is not dependent on but is stabilized by nascent chain interactions. Treatment with the aminoacyl-tRNA analog puromycin releases both Ssb and the nascent chain from translating ribosomes. In addition, salt sensitivity assays were used to determine that the binding of Ssb to the ribosome is stabilized by interactions with nascent polypeptides. Ssb also cross-links to nascent chains and can be immunoprecipitated with incompletely synthesized proteins. Taken together, these data support the function of Ssb in cotranslational protein folding. Furthermore, the deletion of SSB1/2, SSZ1, or ZUO1 causes the same phenotypes of slow growth, cold sensitivity, and hypersensitivity to the aminoglycosides hygromycin B and paromomycin, underscoring both their involvement in translation and the shared functions of the RAC and Ssb (149, 194) . However, aminoglycoside sensitivity associated with the deletion of SSB1/2 or the RAC appears to be associated at least in part with a general hypersensitivity to cations (226) . These phenotypes, while useful proxies for Ssb/RAC functions, must therefore be interpreted with caution with regard to physiological roles in translation. The overexpression of the SSA and SSB genes does not complement each other's deletion phenotypes, suggesting that these two families of Hsp70 have evolved unique functions (202, 342) . A study using fluorescence anisotropy to determine Ssb binding to polypeptides revealed that this Hsp70 does not generally bind unfolded substrates, characteristic of the Ssa family. Chimeric constructs of Ssa and Ssb functional domains showed that the Ssb NBD, but not the SBD, is necessary to rescue cold sensitivity, while the Ssb SBD, but not the NBD, is involved in mediating resistance to hygromycin B (342) . These results suggest that the two domains play distinct roles in specific Ssb-mediated processes. At the time when these studies were undertaken, few Ssa or Ssb cofactors were known; it would be informative to revisit this analysis by defining cochaperone interactions with the chimeras compared to the endogenous proteins. For example, is the interaction with the RAC maintained in all constructs or only those with the Ssb NBD?
To better understand how Ssb and the RAC affect translation, translation fidelity was monitored by using a luciferase reporter construct in the presence or absence of a functional Ssb1/2 or RAC (355) . That study revealed that the translation defects that occurred were due to faulty translation termination rather than misincorporation, which was less compromised in mutant strains. This phenotype was enhanced by paromomycin treatment or reduced levels of the translation termination factor Sup35. Ssz1 is an atypical Hsp70 that was originally thought to act as a scaffold between Ssb and Zuo1 but was recently shown to function independently of the RAC (69) . That study also showed that neither its ability to bind substrate nor its ability to hydrolyze ATP was necessary for function, as assayed by growth phenotypes. The Zuo1binding and nucleotide-binding domains could be eliminated individually, but Ssz1 is nonfunctional if both domains are disrupted in cis, suggesting that at least one intact domain is necessary for function. Independent of its roles in the ribosome, Ssz1 has been shown to activate Pdr1, a transcription factor associated with the induction of genes involved in the efflux of cytotoxic compounds, the stress response, lipid metabolism, and the ERassociated degradation (ERAD) pathway (33) . Ssb is thought to be involved primarily in cotranslational protein folding and the promotion of nascent-chain movement through the exit tunnel. This behavior is shared by the structurally unrelated Escherichia coli protein trigger factor (TF). In recent studies, TF was shown to partially suppress the aminoglycoside sensitivity, but not general growth defects, of strains lacking either Ssb or RAC proteins. This finding suggests that the activity of TF-mediated protein folding at the ribosome exit tunnel is the Ssb function associated with aminoglycoside tolerance, but cold sensitivity and other growth defects may reflect distinct Ssb functions (234, 359) . Alternatively, TF may not interact with some or all of Ssb's client substrates.
What other roles does Ssb play in vivo? A study in 2009 investigated Ssb's role in the glucose-sensing pathway mediated by Snf1 kinase (487) . In the presence of glucose, hyperphosphorylated Snf1 is dephosphorylated by the protein phosphatase Glc7, rendering it inactive. Reg1 is required to target Glc7 to Snf1, and it was shown by using a two-hybrid assay that Ssb interacts with the Reg1 protein (104) . In addition, the hyperphosphorylation of Snf1 in the presence or absence of glucose in the reg1⌬ strain is suppressed by the overexpression of Ssb. These data suggest that Ssb plays an important role in glucose sensing through the regulation of Snf1, which is also required for the tolerance of toxic cations and the activation of cation transporters. This mechanism could explain the observed pleiotropic cation sensitivity of cells lacking Ssb1/2 (349) . Two possible models to account for the observed interaction between Ssb and the SNF pathway have been proposed (337) . The first model is that Ssb has a K m for ATP binding approximately 1,000 times higher than that of Ssa; in addition, the ATP hydrolysis rate is 50 times higher, which, taken together, suggest that Ssb might sense ATP levels to influence this pathway. Alternatively, both Ssb and Snf1 interact with and regulate Hsf1, raising the possibility that both proteins converge on a common target during glucose starvation.
The Hsp70 catalytic cycle is regulated at two major nodes: the rate of ATP hydrolysis and the rate of exchange of ADP for ATP. Correspondingly, there are two main groups of Hsp70 cochaperones: the Hsp40s (J-domain-containing proteins, or J proteins), and the nucleotide exchange factors (NEFs). These cofactors provide avenues for both specificity and variability in Hsp70 function and are thus analogous to the well-known cognate regulatory factors for G proteins, which likewise operate by a nucleotide cycle: J proteins mimic the function of GTPase-activating proteins (GAPs), and the Hsp70 NEFs perform the same functions as the well-characterized GEFs.
J proteins. J-domain proteins (J proteins) (also called Hsp40 due to the apparent molecular masses of the most abundant yeast and mammalian homologs) are so called due to homology with the family archetype DnaJ from E. coli and the ability to accelerate the ATPase activity of Hsp70 ((161; reviewed in reference 60). The J-domain module is a four-helix bundle approximately 70 amino acids in length and contains the Hsp70 interaction site, an invariable histidine-proline-aspartic acid (HPD) motif, between helices II and III (470) . Although it is not entirely clear how J proteins activate Hsp70 ATPase activity, at least one cocrystal structure suggests that the HPD motif inserts near the base of the ATPase domain, accelerating the conformational change necessary for ATP hydrolysis and the subsequent closure of the Hsp70 ␣-helical lid domain (206) . Additional domain elements in various J proteins have prompted their classification into distinct structural groups (see reference 221 for an excellent recent review). Thirteen cytosolic J proteins have been identified in S. cerevisiae, which can be reclassified into four major groups based on their known functional characteristics: promiscuous client binding, which includes Ydj1, Sis1, Caj1, Djp1, Xdj1, and Apj1; selective client binding, which includes Jjj1, Jjj3, Cwc23, and Swa2; client binding unclear, which includes Jjj2; and no client binding, which includes Zuo1 and Hlj1 (380) . Ydj1 is the most well-studied yeast J protein and consists of four functional modules: the J domain, a Gly-Phe-rich region, two carboxy-terminal domains (CTDs) that incorporate a zinc finger-like module, and a dimerization domain (50) . In addition, Ydj1 is farnesylated at the extreme C terminus. The latter modification is essential for full function in vivo and localizes a subpopulation of Ydj1 to the ER membrane (51, 134) . The CTDs function in substrate binding, with the Zn finger domains likely playing a modulatory role in substrate transfer to Hsp70 (450) . The deletion of YDJ1 results in slow-growing and stress-sensitive cells, while the deletion of another major cytosolic J protein, SIS1, is lethal (50, 529) . The Sis1 protein also contains a CTD substratebinding domain, and while the deletion of the CTDs from either Ydj1 or Sis1 is tolerated, the loss of both is lethal, underscoring the biological relevance of substrate interactions by these Hsp70 cofactors (209) . Ydj1 specifically partners with Ssa to promote the activity of Hsp90-dependent clients (see below). Interestingly, ydj1⌬ cells paradoxically derepress heterologously expressed steroid hormone receptors, attributed to a negative regulatory function for this class of ligand-activated transcription factors (210) . Ydj1 and Sis1 differentially recognize and interact with the various yeast prions described in the last decade, and the interested reader is referred to a recent review for a full discussion (450) . A comprehensive analysis of the level of redundancy and functional overlap in the yeast cytosolic J proteins revealed that the J-domain fragments of many of the other cytosolic J proteins were sufficient to replace YDJ1 in vivo, suggesting that this minimal region is sufficient to carry out the "general" roles of this J protein (380) . It is important to note that with the exception of Zuo1, described above, Ydj1 and Sis1 are the most highly expressed J proteins, at approximately 10 5 molecules/cell; the remaining 10 J proteins have expression levels that range from 10 2 to 10 4 molecules/cell (152) . It is therefore not surprising that ydj1⌬ and sis1⌬ cells exhibit strong phenotypes, while many of the other J proteins do not.
A subset of cytosolic J proteins appear to play highly specialized cellular roles, and consistently, these mutants cannot be suppressed simply by the overexpression of the generalist YDJ1. Cwc23 was recently shown to be required for pre-mRNA splicing, possibly at the step of spliceosome disassembly (380) . Unexpectedly, the Cwc23 J domain is not required for these in vivo functions despite retaining its Hsp70-stimulating capacity. Cells lacking the Djp1 J protein are defective in only one demonstrated function, peroxisomal protein import (183) . The ER membranelocalized Hlj1 is involved in the degradation of ER proteins but is functionally redundant with Ydj1 (524). The JJJ1 gene encodes a J protein dedicated to the biogenesis of the large ribosomal subunit, and the null mutant exhibits cold sensitivity in keeping with translation defects (291) . Jjj1 operates in conjunction with Zuo1 to assist in the maturation of both ribosomal protein and RNA components, and overexpressed JJJ1 recruits Ssa to the ribosome, effectively duplicating the Zuo1-Ssb chaperone machinery and suppressing mutations in both components. Lastly, Swa2 (also known as Aux1 or auxilin) is a dedicated adaptor for recruiting Ssa to clathrin-coated vesicles, promoting their uncoating (142, 517) . In addition to its J domain, Swa2 contains a TPR module that works in tandem to enhance Ssa localization. Little to nothing is known about the remaining J proteins, highlighting the need for further genetic, cell biological, and biochemical analyses to understand the breadth of J-protein functions in the eukaryotic cytosol.
Nucleotide exchange factors. The NEFs, unlike the J proteins, are a group of structurally unrelated proteins that promote ADP release from the NBD of Hsp70, resetting the cycle for another round of ATP binding and hydrolysis. The canonical NEF for E. coli DnaK is the protein GrpE, homologs of which have not been detected in any eukaryotic cytosol (a mitochondrial GrpE homolog exists [see below]) (170, 238) . This prompted the supposition that eukaryotic cytosolic Hsp70s did not utilize a NEF as part of the catalytic cycle until the discovery of three distinct types in the early 2000s with both yeast and human/mammalian counterparts: the Hsp110s (Sse1/2), HspBP1 (Fes1), and Bag domain proteins (Snl1). The Hsp110 family consists of Sse1 and Sse2 in S. cerevisiae. These proteins were first isolated in a biochemical screen to identify calmodulin-binding proteins and were recognized as being Hsp70-related proteins due to a high level of amino acid similarity (309) . Sse1 and Sse2 are 76% identical to each other and 70% similar to Ssa1, making them relatively distant Hsp70 relatives. While both are expressed under normal conditions, Sse2 is 10 times less abundant than Sse1 (152) . SSE2 gene expression is highly induced in response to a wide range of stresses, while SSE1 levels increase only modestly (147) . The deletion of SSE1 results in a slow-growth phenotype exacerbated by temperature stress, while in contrast, the loss of SSE2 is not associated with any phenotypic effects (309) . The simultaneous disruption of both genes is lethal, although one group reported the construction of a double deletion that was viable under normal growth conditions (464, 521) . An explanation for this discrepancy has not been put forward, but the gene pair is generally considered to be essential for growth. The domain architecture of Sse1/2 is similar to that of all Hsp70s, with the exception of an extended spacer region between the ␤-sandwich and ␣-helical bundle domains and variable extensions at the C terminus (116) . A number of unusual features of the Sse proteins suggested that they might function differently than canonical Hsp70s. Sse1 was found to bind but not hydrolyze ATP, and mutations expected to abolish ATPase activity in the NBD had no effect on complementation (411) . Sse1 was shown to be capable of holdase but not foldase activity, regardless of the nucleotide state (411) . Finally, Sse1 and Sse2 were found to exist in stable heterodimeric complexes with both Ssa and Ssb, a behavior unknown for Hsp70s (412, 521) . Multiple laboratories subsequently showed that the Sse proteins function as potent NEFs for both cytosolic Hsp70s, culminating in elegant cocrystal structures that depicted a novel binding interface between the NBDs of Sse1 and its partner Hsp70 (106, 348, 361, 402, 410) . In addition, the ␣-helical lid domain of Sse1 exists in an extended conformation that wraps around the distal face of Hsp70 to make additional NBD contacts. This structure and additional genetic experiments support the interpretation that the Sse proteins may bind the substrate when present as a monomer but are incapable of doing so in the heterodimer (410) . This has led to the hypothesis that Sse may recruit substrates or at least assist in substrate binding, followed by a "handoff" of the substrate to Hsp70 for folding, although this idea remains untested.
The Fes1 cochaperone was initially identified as a cytosolic homolog of the ER NEF Sls1 that interacts with the ER Hsp70 Kar2 (see below) but is also highly homologous to the mammalian NEF HspBP1 (214, 216) . The deletion of FES1 results in a temperaturesensitive growth defect and genetically was shown to act antagonistically with Ydj1. Fes1 was shown to bind to and activate nucleotide exchange for Ssa in vivo and for both Ssa and Ssb in vitro (107) . Snl1 is the only Bag-domain-containing protein identified in yeast and was genetically isolated in a multicopy suppressor screen for lethality caused by the expression of a truncation mutant of the nuclear pore protein Nup116 (186) . It is unique among all known Hsp70 NEFs in containing an amino-terminal transmembrane region that tethers it to the ER membrane, with the Bag NEF/Hsp70-binding domain facing the cytosol (434) . Snl1 also interacts with both Ssa and Ssb. What is the evidence that the NEFs are physiologically relevant for Hsp70 functions in vivo? The deletion of SSE1 results in the accumulation of untranslocated prepro-␣-factor (pp␣F), demonstrating that this NEF partners with Ssa1 to promote posttranslational translocation (412) . Sse1 is involved in both cell wall integrity and morphogenesis based on the regulation of the MAP kinase Slt2, which is activated upon heat shock or under other cell wall-perturbing conditions. While the loss of SSE1 does not directly reduce the stability of Slt2 or its ability to be phosphorylated, transcriptional activation by the downstream target Rlm1 is diminished (409) . The contribution of Sse1 to Hsp70-mediated folding has been documented by several studies. Sse1 is required for the efficient flux of nascent substrates through the Ssb and Ssa systems (521) . Another study used FFL as a model substrate to show that Sse1 is required for efficient de novo folding in vivo and the refolding of denatured protein in vitro (106) . Sse1 is also strongly implicated in protein degradation and appears to be required for ubiquitination and the subsequent proteasomal degradation of Hsp70-bound substrates (181, 276) . This role is manifest in the somewhat paradoxical stabilization of query proteins in sse1⌬ mutants, which would be expected to be deficient in folding by virtue of their pro-Hsp70 cycling activity. In this scenario, it is postulated that Sse1 must assist Hsp70 in transitioning to a low-affinity binding state to allow for substrate recognition by associated ubiquitin ligases. Very little effort has been invested in an understanding of the cellular roles of Fes1 or Snl1, and the elimination of the latter NEF appears to be phenotypically inconsequential. Although dramatic structural differences in the binding mechanisms and mechanics of nucleotide exchange distinguish the three NEFs, they all perform essentially the same biochemical function, making it a puzzle why three distinct families of cytosolic NEFs have been conserved in eukaryote evolution (88) . By analogy to the J-protein cofactors, it is possible that the NEFs may confer target or cellular process-based specificity to the promiscuous Hsp70s. At present, the Sse proteins appear to be the dominant NEFs, consistent with their essential nature and cellular abundance. However, since fes1⌬ cells exhibit moderate to severe phenotypes, the Sse proteins are clearly unable to perform all the NEF roles in the cell. Sse1 has also been shown to play a role in prion propagation, which cannot be replaced by Fes1, suggesting that the Hsp110 family may also possess Hsp70-independent activities (379) . A comprehensive analysis of the shared and unique roles of the cytosolic NEFs is required and is under way (J. Abrams, J. Verghese, and K. A. Morano, unpublished data).
The Hsp90 Chaperone System
Hsp90 is an evolutionarily conserved molecular chaperone unique in both function and client protein profile (see reference 208 for a recent review). In contrast to the Hsp70 chaperones, which recognize unfolded or misfolded proteins indiscriminately, Hsp90 functions primarily in the "final" maturation of proteins and the assembly of complex macromolecular structures. It also functionally interacts with a much more select group of substrates, termed "client" proteins, which include many kinases and transcription factors. Hsp90 is composed of an N-terminal domain comprising the ATP-binding pocket, which is attached to a middle domain (M domain) by a charged linker region (167, 350) . The C terminus contains a dimerization region followed by the residues EEVD, which, like the identical sequence in Hsp70, binds tetratricopeptide (TPR) repeats in cochaperone proteins (133, 390) . The charged linker region is important for providing flexibility to Hsp90, allowing the conformational changes necessary for cochaperone interactions and ATPase activity. In addition, this linker domain is important for communication between the N, M, and C domains (167) . Hsp90 also functions in an ATPdependent cycle that dictates and is in turn influenced by a complex network of cochaperone proteins. Biophysical studies have highlighted the existence of multiple distinct conformations at different points in the chaperone cycle. Starting with an apo, or open-dimer, conformation, Hsp90 binds ATP, causing the N-terminal lid domain to fold over, locking the nucleotide into a kinked binding pocket. The closely apposed N-terminal domains then dimerize, leading to the twisting and compaction of the M domain, activating the ATPase activity of the protein. Finally, once Hsp90 is in its closed state, ATP hydrolysis is completed, ADP is released, and the protein returns to the open conformation (182). In yeast, two genes, HSC82 and HSP82, which are expressed constitutively and inducibly upon heat shock, respectively, encode Hsp90 (32) . Hsp90 is also regulated posttranslationally through modifications, including phosphorylation, acetylation, and S-nitrosylation (see reference 302) . Despite this wealth of biochemical and biophysical data, precisely how Hsp90 promotes the maturation of client proteins and the mechanism behind its ability to chaperone a diverse set of substrates while retaining selectivity remain unknown.
Hsp90 cochaperones. A growing number of cochaperones play important roles in regulating the Hsp90 cycle and providing spec-ificity for client proteins. An intricate and coordinated dance between the cochaperones promotes the transition between functional Hsp90 states required for substrate maturation (Fig. 5 ). An early-acting cochaperone is Sti1, homologous to the mammalian protein HOP (Hsp90/Hsp70-organizing protein), which plays at least two roles in Hsp90 complex functions (207) . First, it is an ATPase regulator that binds to the EEVD sequence in the C terminus and also to either the N or M domain of Hsp90 in the open conformation. Because it is such a strong inhibitor of ATPase activity, only one molecule is necessary per dimer of Hsp90 to completely inhibit N-terminal dimerization; this allows for an asymmetric assembly of Hsp90, Sti1, and other TPR-containing cofactors, which is an important step in cycle progression (253, 366) . The second critical activity is the ability to simultaneously bind both Hsp90 and Hsp70 through distinct TPR sites. It is currently thought that Hsp70 and its cofactors bind most Hsp90 client proteins first, assembling a "prefolding" complex. Clientloaded Hsp70 is then brought into close proximity with an Hsp90 dimer through binding to Sti1/HOP, facilitating substrate transfer followed by the release of Hsp70 (497) . The ability of Sti1/HOP to act as a strong noncompetitive inhibitor of Hsp90 ATPase activity has also been shown to be important for client transfer (207) . Two additional cochaperones modulate Hsp90's weak intrinsic ATPase activity to govern client maturation. Aha1 binds Hsp90 in the M domain, causing a rearrangement of the catalytic loop and allowing it to contact ATP within the N-terminal pocket (292) . It is a potent activator of ATPase activity, yielding a 12-fold increase in in vitro ATPase assays with yeast-derived proteins (329) . It was suggested that Aha1 may act as a general ATPase activator independent of the stage of the Hsp90 cycle because it exists in both early and late cochaperone complexes. More recent studies support a model wherein Aha1 acts primarily in the earlier stages of the Hsp90 cycle to remodel the protein, favoring N-domain dimerization and ATP hydrolysis (182) . The cochaperone Sba1 interactions or inferred from in vitro reconstitution experiments with metazoan counterparts, as described in the text. Unfolded client proteins are indicated by the wavy blue line, and the native folded state is labeled. Kinase clients are thought to mature through a Cdc37-specific pathway (kinases), while nearly all other clients proceed through the multichaperone pathway (nonkinases). The cyclophilin homolog Cpr7 (also Cpr6 [see the text]) is a TPR domain-containing protein that competes for binding with other TPR cofactors, including the phosphatase Ppt1, shown by the dashed line.
(p23) both stabilizes ATP binding by Hsp90 and acts as an ATPase inhibitor (127) . The interaction of Sba1 with Hsp90 is indirectly dependent on ATP binding because the cochaperone selectively binds the closed, N-terminally dimerized conformation (7, 211) . The association of Sba1 with the ATPase domain stabilizes the closed conformation, preventing ATP hydrolysis, and may also play a role in preventing Hsp90 inhibition by natural products such as radicicol and the ansamycins (geldanamycin and macbecin), all of which act through ATP displacement from the nucleotide pocket (135) . Sba1 is itself a molecular chaperone and has been shown to regulate telomerase activity independently of Hsp90 (459) . A recent high-throughput proteomic study uncovered a wealth of cellular targets and processes for Sba1, many of which do not overlap those of Hsp90, underscoring the idea that this chaperone and cofactor plays a much broader and unappreciated role in cell biology (117) . The immunophilin homologs Cpr7 and Cpr6 (heat inducible) are two of many additional TPRcontaining proteins and bind the C-terminal EEVD domain of Hsp90 in the closed conformation, thus relieving the ATPase inhibition imparted by Sba1 (112, 211) . PPT1, encoding a protein phosphatase, is another TPR-containing cochaperone with a regulatory role that helps promote Hsp90 activity (495) .
The kinase chaperone Cdc37. CDC37 is an essential gene that encodes a protein best described as an adaptor; the N-terminal domain associates with the catalytic domains of protein kinases, while the C terminus binds between the two N-terminal domains of Hsp90, blocking dimerization ( Fig. 5) (368, 413, 414, 527) . Preventing structural rearrangements is likely how Cdc37 decreases ATP turnover and assists in substrate loading (425, 494) . In many cellular pathways, including the high-osmolarity glycerol (HOG) pathway and the cell wall integrity (protein kinase C) MAPK pathway, Cdc37 and Hsp90 collaborate to maintain active levels of Hog1 and Slt2, respectively (180) . A mutational analysis showed that in a cdc37-S14A mutant strain in which Cdc37 could not be phosphorylated, the interaction with Hsp90 was severely decreased. In addition, in this genetic background, Hog1 was destabilized during osmotic stress, and the Slt2 activation of downstream targets was decreased. In a screen of the yeast kinome, 75% of kinases were shown to be functionally dependent on Cdc37, demonstrating the breadth and impact of this chaperone (277) . Cdc37 is also capable of chaperoning some client protein kinases independently of Hsp90: the kinase-binding domain of Cdc37 is sufficient for cell viability and MAP kinase signaling in sti1⌬ and hsc82⌬ strains that are severely compromised for Hsp90 function (245) . Cdc37 also plays a small role in the function of nonkinase clients, as demonstrated by defects in the activation of the androgen receptor expressed in yeast cells lacking this chaperone (357) .
Targets of the Hsp90 chaperone system. While many studies have exploited S. cerevisiae as a model system to determine the features and players required for the maturation of mammalian Hsp90 client proteins, such as steroid receptors and kinases like v-Src, few endogenous Hsp90 clients have been identified or characterized. Some of the yeast clients of Hsp90 that have been investigated are the kinases Ste11 and Gcn2 and the transcription factors HapI, Mal63, and Hsf1. Ste11 functions in the yeast pheromone signaling pathway as a MAP kinase kinase kinase, analogous to its mammalian counterpart Raf (164) . By using a collection of Hsp90 mutants and an Ste11 constitutive mutant, it was revealed that maintaining the levels of Ste11 necessary to elicit cell cycle arrest upon pheromone exposure required both Hsp90 and Cdc37, an Hsp90 cochaperone (2, 268) . The relatively low abundance of many client kinases has posed a challenge for studies of chaperone-substrate interactions. Recently, a more tractable version of Ste11, Ste11⌬N-K444R, was constructed. The deletion of the amino-terminal regulatory domain eliminates the pheromone dependence of the kinase, and the substitution of the catalytic lysine renders the kinase all but inactive, allowing overexpression without subsequent cell cycle arrest due to the phosphorylation of the target Far1 (47, 134) . By using this allele, Ydj1, and, specifically, the farnesylated population, was shown to be crucial for Ste11 maturation (321) . In addition, roles of the Hsp70 system, including the Hsp110 NEFs, in mediating client degradation upon misfolding caused by the pharmacological inhibition of transfer to Hsp90 were revealed by using this key reagent (276) . A global analysis of the protein and lipid kinase reliance on the Hsp90/Cdc37 system for function demonstrated that a remarkable 51 of 65 kinases examined were destabilized in a cdc37 mutant strain (277) . However, to date, the molecular and/or structural determinants that confer kinase reliance on or independence of chaperones have not been elucidated. This distinction may be subtle, as the mammalian kinase v-src is absolutely dependent on the Hsp90 system when expressed in yeast, yet the close homolog c-src is nearly independent of the chaperone function (520) .
HapI is a heme-responsive transcription factor involved in the control of respiratory and oxidative damage genes and is essential under anaerobic growth conditions, regulating over 200 genes (85, 341) . Several studies have examined the Hsp90-dependent regulation of HapI, which also involves the Hsp70 Ssa1 and the cochaperones Ydj1 and Sro9. Those studies revealed that in vivo, HapI is always associated with Ssa1 independently of heme interactions, including when it was bound to its own promoter (526) . At low heme levels, Ssa1 and Ydj repress HapI, but in the presence of heme, Hsp90 activates HapI (189, 239) . In a similar regulatory pathway, Mal63, the maltose-responsive transcription activator, was found to require the Hsp90 system. Mal63 is maintained in its uninduced form by Ssa1 and Sti1; once it is induced in the presence of maltose, it binds to Hsp90, which stabilizes it for transcription activation (13, 356) .
The search for additional Hsp90 client proteins continues. In the absence of a clear mechanistic explanation for Hsp90's chaperoning capabilities, a deeper understanding of the range and breadth of endogenous substrates may provide empirical insight. In addition, given the interest in the pharmacological inhibition of Hsp90 as an anticancer therapy, a reliable catalog of known targets in human cells is essential and may be aided by achieving the same goal first in budding yeast. Two genomewide studies have been undertaken to attempt this, in both cases uncovering novel requirements for Hsp90 (cell cycle and vesicular transport [287] ) and cofactors (Tah1 and Pih1 [528] ). An interpretation of results gleaned from such studies must be carefully done, as Hsp90 interactions inferred from independent two-hybrid, affinity purification, synthetic lethal, and chemical-genetic approaches exhibit remarkably low levels of overlap. However, these functional genomic investigations are likely the only way to generate a comprehensive map of chaperone-client relationships.
Hsp104
Many stress conditions cause protein misfolding, and at high levels, this can lead to aggregation and cell death. The protein chap-erone Hsp104 has the unique (in eukaryotes) capability of recognizing misfolded proteins within an aggregate and actively unfolding them, ultimately disassembling the insoluble structure and delivering substrates into refolding pathways (Fig. 6 ). The so-called Hsp100 family of HSPs includes the bacterial Clp proteins and their yeast homologs Hsp104 and mitochondrial Pim1 protease (393) . Although Hsp104 is conserved in fungi and plants, a homolog in metazoans has not been identified. The Hsp104/Clp family is a subgroup of the AAA ϩ ATPase superfamily, characterized by a ϳ200to 250-amino-acid core composed of an ␣-helical domain and a Walker-type nucleotide-binding domain (105, 123) . AAA ϩ proteins function as oligomers, wherein ATP hydrolysis allows conformational changes to occur between the AAA ϩ subdomains in order for the hexameric ring structures to perform processive mechanical work (502) . Hsp104 monomers are composed of three functionally distinct regions: the N-terminal, middle (M), and C-terminal domains (335) . The N-terminal domain spans residues 1 to 163 and is involved in the initial substrate interaction, possibly limiting substrate access to the inner cavity (269) . The M domain, which distinguishes Hsp104 from ClpB, spans residues 412 to 532 and contains coiled-coil structures resembling a two-bladed propeller (501) . The C-terminal domain spans residues 871 to 908 and plays roles in substrate binding, oligomerization, and substrate exit; it also contains TPR domains that are likely to play a role in coordination with Hsp70 (57, 274) . Both NBDs bind ATP, which stabilizes oligomers and promotes substrate interactions, while ATP hydrolysis allows the restructuring of the domains to allow substrate movement and release (501) . When Hsp104 assembles into the homohexameric state, the M domains face the outside of the structure. Recent studies have shown that this domain is required for the interaction with Hsp70, provides substrate-binding sites, and could be involved in allosteric communication between the two NBDs (247, 423) .
Hsp104 is a highly heat-inducible, nonessential protein in yeast, and deletion under optimal growth conditions does not impact growth (258, 384) . However, Hsp104 is required for thermotolerance, and the deletion of HSP104 reduces cell survival 100-to 1,000-fold (384) . In fact, increased levels of Hsp104 alone are sufficient to promote survival during lethal heat shock (258) . Hsp104 is unique among known protein chaperones in its ability to pull protein aggregates apart, leading to its characterization as a "disaggregase" (Fig. 6 ). Studies using heat-denatured bacterial luciferase in the presence or absence of Hsp104 revealed that this protein is required for the reactivation of luciferase through resolubilization (335) . How are disaggregated proteins restored to functional competency? Hsp104 partners with Hsp70 and Hsp40, which work together to resolubilize and refold substrates. In vitro analyses revealed that both Ssa1 and Ydj1 were necessary, along with Hsp104, to recover 50% of the wild-type activity of FFL after chemical denaturation (156) . Hsp104 was also shown to localize within the insoluble cellular fraction after heat shock, along with Hsp26 and Hsp70, where it is likely associated with aggregated substrates (177) . In addition, it was shown by using heat-denatured citrate synthase and FFL that both Hsp70 and Hsp104 are necessary to release the substrate from the small heat shock protein Hsp26 (156) . This finding suggests that Hsp26 interacts with the protein aggregate, making it accessible to Hsp104. The activity of this small Hsp (sHsp) is described in more detail below. In addition to the Hsp70/Hsp40 chaperone system, the Hsp90 cochaperones Sti1, Cpr7, and Cns1 have been shown to interact with Hsp104 in a manner regulated by growth conditions. These proteins bind Hsp104 when cells are grown on nonfermentable car-
The cytosolic disaggregation and refolding machinery. The native protein is shown to be unfolded by heat shock (depicted as a salmon rectangle), which also causes changes in the sHsp oligomerization status. The constitutive Ssa Hsp70 chaperones partner with the J protein Ydj1 and at least one nucleotide exchange factor (NEF) to promote the refolding of disaggregated (Hsp104 pathway) or unfolded but protected (Hsp42 and Hsp26) proteins. bon sources, and in a strain where Hsp90 has been truncated to remove its TPR-binding domain, the cochaperones bind to Hsp104 independent of the sugar source (1). This finding suggests competition for cochaperone binding between Hsp90 and Hsp104, which may be physiologically relevant, but to date, no functional significance has been ascribed to this interaction. A genomewide screen of S. cerevisiae to identify genes required for aggregation clearance identified SSD1, a gene known to be involved in cellular integrity pathways. Ssd1 was found to influence Hsp104 hexamerization, interactions with Sti1, and the ability to bind aggregates (296) . How Ssd1 exerts control over Hsp104 functions remains an open question. Hsp104 is also a key player in prion inheritance. Hsp70 was also shown to be involved in Hsp104-mediated prion propagation and curing; although the exact role is unclear, it was proposed that the ratio between Hsp70 and Hsp104 could decide whether prions are cured or propagated. This topic has been reviewed extensively, and the interested reader is directed toward these detailed treatments (103, 179, 316) .
Small Hsps and Hsp12
sHsps play a vital role in promoting protein solubility when heat or other stresses lead to general cytosolic protein unfolding (200) . sHsps, such as Hsp26 and Hsp42, bind unfolded proteins, preventing their aggregation (56) . Other sHsps that are less studied, such as Hsp31, have not been well characterized but also appear to play a role in stress tolerance (344, 345, 406) . Together, these chaperones provide an additional layer of protection against cellular assaults.
Hsp26. Hsp26 exists in two major forms in vivo: a large multimer composed of 24 monomers under normal conditions, which dissociates at heat shock temperatures into dimers in a reversible process ( Fig. 6) (178) . The dimeric form associates with unfolded polypeptides with a stoichiometry of 1 substrate molecule per dimer of Hsp26; these small units ultimately form larger, ordered complexes containing the substrate and chaperone (448) . In addition, variability in the size of the oligomers and the stoichiometry of the active form distinguishes these proteins from one another (92) . In the case of Hsp26, the oligomeric structure is formed with monomers containing two discrete domains. The N-terminal domain, mostly ␣-helical in nature, appears to be important for forming the 24-mer and allowing temperature-dependent activation by dissociation at temperatures between 29°C and 43°C. The C-terminal domain is rich in ␤-sheet structures and is important for the stable formation of the dimeric species, which is inactive in the absence of the N-terminal domain (176) . Hsp26 shares significant sequence homology with ␣-crystallin, a major eye lens protein, and, like this protein and other sHsps, is found as an oligomer in its active state (447) . In all organisms studied, sHsps share a conserved C-terminal domain but vary in the N-terminal domain, which ranges from 12 to 40 kDa, making them the most divergent class of chaperones (178, 447) . In S. cerevisiae, HSP26 is nonessential and exhibits no phenotypes upon deletion (178) . However, the simultaneous deletion of another sHsp, HSP42, results in a 200% increase in levels of insoluble proteins at 30°C compared to levels in wild-type cells (176) . The lack of a nucleotide cycle is consistent with a model wherein the sHsps function as energy-independent "holdases" for nonnative proteins until they can be transferred to a chaperone capable of refolding, such as Hsp70. Based on work done with the model protein citrate synthase, binding to Hsp26 results in the stabilization of the client protein at heat shock temperatures and diminishes the thermal inactivation of the protein (178) . Consistently, Hsp26 is more effective at maintaining the solubility of proteins at heat shock temperatures than at normal temperature (176) . No substrate specificity has been identified for any member of the sHsp family, yet the oligomeric complexes take on a variable size and shape depending on the substrate. Mixed complexes with multiple substrates can be formed, and in this case, the overall shape is determined by the first substrate integrated within the complex (447) . It is likely that surface exposure, oligomeric orientation, and shape are optimized to provide maximal protection for the substrate while allowing access to Hsp70 for eventual refolding.
Hsp42. The Hsp42 monomer is ϳ43 kDa and forms 12-to 16-mers at lower concentrations and 24-to 26-mers at higher concentrations. This chaperone has not been extensively studied, and the majority of what is known regarding its function is derived from a few reports (175) . Unlike the globular spheres formed by Hsp26, the oligomer is a symmetric assembly of dimers that is ultimately organized into two hexameric rings (Fig. 6 ). The Hsp42 protein shares homology within the conserved C-terminal ␣-crystallin domain but possesses an unusually long N-terminal domain bearing no sequence similarity to other sHsps. Both Hsp26 and Hsp42 are poorly expressed during exponential growth, and at heat shock temperatures, there is 10 times more Hsp42 than Hsp26, suggesting that it may be the dominant sHsp in the thermally stressed cell (175) . Remarkably, together, these two proteins comprise approximately 1% of cellular proteins at heat shock temperatures. Unlike Hsp26, the enzymatic activity of Hsp42 is not temperature regulated. Strains lacking Hsp42, but not Hsp26, accumulate aggregated proteins in the stationary phase, while heat shock results in aggregates in both strains with single deletions and a strain deleted for both sHsps (175) . These results support the notion that Hsp42 is the more potent chaperone of the two. A proteomic study showed that Hsp42 promiscuously binds 30% of yeast cytosolic nonnative proteins, with a remarkable 90% overlap with Hsp26 substrates (174) . However, the efficiency with which Hsp42 maintains solubility and activity is substrate dependent. Hsp42 may also be a more effective chaperone than Hsp26, as higher ratios of Hsp26 to substrate are needed to prevent aggregation (515) .
Hsp12. Hsp12 exhibits low sequence homology to the sHsp superfamily and is structurally and functionally distinct, as it appears to exist exclusively as a monomer (499) . Like the sHsps, Hsp12 is weakly expressed in exponentially growing cells but highly induced (100-fold) during the stationary phase or heat shock; in the stationary phase, Hsp12 was determined to comprise 2.4% (740,00 molecules) of the total cellular proteins, on par with Hsp90, which comprises 1.3% (420,000 molecules) at the stationary phase (499) . Hsp12 is not essential for growth under normal or stress conditions but may play a role in barotolerance (protection against desiccation) (308, 382) . Hsp12 has been localized to both the cytosol and cellular membranes. In keeping with this observation, recent studies have revealed that Hsp12 functions in stabilizing membranes under stress conditions by modulating fluidity (499) . Interestingly, Hsp12 is unfolded in solution, but in the presence of lipids or lipid-like proteins, it takes on a helical structure essential for membrane interactions (499) . These characteristics make it a unique stress factor that may in fact function more as a membrane chaperone than as a protein chaperone.
Chaperonins
Another relatively less-studied group of chaperones in S. cerevisiae is the chaperonins. Like the above-described chaperones, these proteins are responsible for protection and folding of unfolded or partially unfolded proteins. They are also known to interact with other families of chaperones to fold specific substrates. The chaperonins form double-ring structures and fold proteins within a central cavity in a nucleotide-dependent manner. There are two main classes of chaperonins that have been conserved throughout evolution, groups I and II. Group I includes E. coli GroEL, which is conserved among prokaryotes and endosymbiotic eukaryotic organelles. Group II chaperonins are found in eukaryotes and archaea. The overall structures of the two groups are similar, with two major differences. Group I chaperonins are homomultimers, while there is a hetero-oligomeric assembly in group II. The second difference is in the lid structure, which in both groups closes over the central cavity to encapsulate the substrate (171) . In group I, the lid is a separate protein called GroES, while in group II, the lid is an attached flexible extension from each subunit that, once assembled, creates an iris-like structure that can close over the central cavity (53, 474) . In yeast, Tcp1 ring complex (TriC) or chaperonin-containing TCP1 (CCT) forms a large cylindrical 900-kDa oligomer composed of a double-ring structure. Each heteromeric ring contains eight orthologous 60-kDa subunits surrounding the cavity where substrates are folded (141, 474) . All eight subunits, Cct1 to Cct8, are essential and expressed constitutively under normal conditions. The subunits share 30 to 35% sequence identity, with the highest level of conservation within the ATPase domain. In contrast, the substrate-binding domains are divergent (445) . An analysis of a temperature-sensitive mutation in a single subunit (cct4-1) revealed defects in actin filament and tubulin assembly, as indicated by hypersensitivity to the antimicrotubule drug benomyl at the nonpermissive temperature (290, 479) . In a more recent study, it was discovered that this mutant displays reduced binding to ATP and that both intra-and interring cooperativity is abolished (419) . It was initially thought that these proteins are not stress induced based on results examining transcript levels after heat shock (38°C), but at least one CCT transcript accumulates after cold shock. Additionally, CCT protein levels increase when cells are shifted from 4°C to 10°C, suggesting that CCT may be involved in cold shock recovery (433) . This notion is also supported by a suppressor screen that found that the overexpression of ribosomal proteins suppresses CCT defects (217) . Initially, it was thought that this chaperone is specialized for folding actin and tubulin, but recently, the interactome of TriC/CCT was analyzed bioinformatically and biochemically to determine how substrate specificity is decided (422) . That study revealed that there is a much larger group of substrates, including G-␣-transducin and WD repeat proteins, including Cdc20 and Cdh1. Both of these proteins require CCT to function and are involved in cell cycle control: Cdc20 promotes the shift from metaphase to anaphase, and Cdh1 promotes exit from mitosis through the activation of the anaphase-promoting complex or cyclosome (APC/C) (48) . Common characteristics of CCT substrates were also uncovered, such as large regions of ␤-sheets or ␣-helices, which typically cause proteins to exhibit increased folding kinetics. Additionally, many of the substrates are complex multidomain proteins. Recent work from the laboratory of Dennis Thiele suggested that CCT could have an unexpected role in modulating the activity of the transcription factor Hsf1, but further investigation is necessary to determine the mechanism of this pathway (312) .
Additional cofactors modulate CCT activity. Prefoldin/GimC forms a heterohexameric complex composed of six distinct structurally related proteins ranging from 12 to 23 kDa. In addition, prefoldin/GimC is known to act as a cochaperone involved in targeting substrates to CCT. It functions primarily in the binding and stabilizing of unfolded substrate proteins, including ␣and ␤-tubulin, as evidenced by the finding that the deletion of prefoldin/GimC leads to microtubule defects (422) . Recently, another cochaperone of CCT was discovered, phosducin-like protein 3 (PhLP3) (yeast homolog, Plp1). This protein binds to CCT, and the deletion of PLP1 rescues benomyl sensitivity in tubulin and prefoldin mutants. Plp1 acts as a negative modulator of CCT ATPase activity and thus may act antagonistically with prefoldin to regulate CCT folding (444) .
CHAPERONES OF THE SECRETORY PATHWAY
Protein quality control is a vital aspect of cellular biology that maintains protein homeostasis (proteostasis) under normal and stress conditions (305) . Under these conditions, molecular chaperones help to fold proteins and prevent their aggregation, while the cytosolic protein degradation machinery, including the proteasome, degrades damaged or misfolded proteins. Proteins residing in subcellular organelles like the ER and mitochondria are physically separated from the cytosol by phospholipid membranes and are thus shielded from the cytosolic protein quality control machinery. Almost all mitochondrial proteins and all ER and secretory proteins are synthesized in the cytosol and delivered to these compartments by various translocation pathways. The ER lumen has a unique folding environment compared to the cytosol, and proteins in the ER are subject to modifications such as the formation of disulfide bonds and the addition of preassembled oligosaccharides, both of which require their own repertoire of ER-specific molecular chaperones. Mitochondria possess dedicated chaperone machinery in the matrix to assist in the import and folding of protein substrates and specific proteases that degrade misfolded and damaged proteins. In addition, mitochondria and the ER both use the proteasome to degrade damaged proteins and therefore must engage in retrograde transport back to the cytoplasm. The expressions of many of these organellar chaperones are regulated by specific stress-responsive pathways: the unfolded protein response (UPR) for the ER and the so-called retrograde response for mitochondria. Due to space constraints, the reader is referred to recent reviews for detailed overviews of these pathways (23, 265) . In eukaryotic cells, almost all secreted proteins enter the ER either during (cotranslational) or soon after (posttranslational) their synthesis. In mammalian cells, proteins are cotranslationally translocated and folded by the chaperone machinery in the ER. In yeast cells, an additional process is present, where select substrates are translocated posttranslationally. A critical step for many proteins that enter the ER is their posttranslational modification. The oxidizing environment in the ER lumen favors the enzyme-assisted formation of disulfide bonds that modify a protein structure. Proteins are also accessorized with N-linked glycans that attract carbohydrate-binding chaperones to increase their capacity to fold into native functional states. The ER of S. cerevisiae harbors three major groups of molecular chaperones and folding enzymes: (i) the heat shock protein (HSP) family of chaperones, which includes Kar2 (Hsp70) and its partners (Hsp40s and NEFs); (ii) the chaperone lectin and calnexin; and (iii) thiol oxidoreductases of the protein disulfide isomerase (PDI) family ( Table 2 and Fig. 7 ).
ER Hsp70
The first Hsp70 family member localized in the ER, termed BiP (for binding protein), was identified in mammalian cells by its binding to immunoglobulin heavy-chain precursors and was later shown to be a member of the Hsp70 family (370) . The yeast BiP homolog, termed Kar2 (karyogamy mutant), was unexpectedly discovered in a genetic screen for mutants defective in nuclear fusion during yeast cell mating. Kar2 is essential for yeast cell viability and has 67% identity and 84% similarity to mouse BiP (325) . The expression of mouse BiP restored normal karyogamy and complemented the temperature-sensitive growth phenotypes of the kar2-1 yeast strain, suggesting conserved functional homology between the mammalian and yeast proteins (325) . Early work established that Kar2 contained structural features similar to those of BiP: an N-terminal secretory sequence, a C-terminal ER retention signal (HDEL) (KDEL in BiP), and the absence of N-linked glycosylation sites. Like other members of the Hsp70 family, Kar2 has an N-terminal nucleotide-binding domain and a C-terminal substrate-binding domain. Three cis-acting elements in the promoter of KAR2 control its expression: (i) a high-GC-rich region that governs constitutive expression, (ii) a 20-bp functional heat shock element (HSE), and (iii) a 22-bp unfolded protein response (UPR) element (UPRE). The latter two elements induce transcription in response to elevated temperatures and the presence of unfolded proteins in the ER, respectively (304) . These two elements are functionally independent of each other but additively are responsible for the maximal induction of the KAR2 gene (232) . A major difference between the KAR2 and BIP promoters is the presence of the HSE in KAR2, which induces its transcription within 10 min after heat shock, whereas the gene encoding BiP is not heat shock inducible (325) . As the only Hsp70 chaperone in the ER lumen, Kar2 plays major roles in a number of different processes, as detailed below.
Protein folding. The Kar2 function was shown to be required for the folding of the well-characterized vacuolar glycoprotein carboxypeptidase Y (CPY) using three temperature-sensitive strains of KAR2, kar2-113, kar2-159, and kar2-203, that bear inactivating mutations in the N-terminal ATPase domain. These mutants also failed to transport CPY out of the ER to its final destination in the vacuole. This finding suggested that the Kar2 function was necessary for the folding and maturation of CPY. In addition, these mutants accumulated aggregates of CPY in the ER, suggesting that a primary function of Kar2 is to prevent the aggregation of partially folded proteins (428) . It is likely that Kar2 interacts with many more substrate proteins as part of their normal biogenesis and certainly upon proteotoxic stress.
Translocation of proteins across the ER membrane. As mentioned above, translocation into the yeast ER lumen occurs through two pathways. In the cotranslational translocation pathway, nascent polypeptides are targeted to the ER membrane during synthesis, while posttranslational translocation proceeds immediately after the polypeptide has been synthesized and released from the ribosome. Microsomes prepared from the kar2-159 temperature-sensitive mutant strain failed to translocate radiolabeled precursor proteins, pp␣F and invertase, which are known substrates for posttranslational and cotranslational translocation, respectively, suggesting that Kar2 is required for both translocation pathways (37) . This is also in agreement with previously reported evidence that the kar2-159 strain accumulates both substrate precursors at the nonpermissive temperature and that the depletion of Kar2 results in their cytosolic accumulation (482) . Kar2 was shown to function in both the early and late stages of the translocation process and is recruited to the ER membrane by the J-domain protein Sec63 (70) . Mutant alleles of KAR2 prevented an ER-targeted preprotein from associating with the Sec61 translocon complex, suggesting a role for Kar2 early in the translocation process. In addition, a decrease in the ability of Sec61 to be crosslinked to a secretory protein that was trapped in translocation in a KAR2 mutant strain is also consistent with a role for Kar2 later in the translocation process (385) . How, then, does Kar2 drive the translocation of ER-targeted proteins? Two models have been proposed for this function of Kar2. In the "Brownian ratchet" model, the polypeptide in the translocation channel exhibits Brownian motion, but once enough of the polypeptide moves through the Sec61 translocon and enters the ER lumen, Kar2 binds in a Sec63-dependent manner. Binding will prevent the backward movement of the polypeptide, and since the forward Protein folding, disulfide redox chemistry Mpd2
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Protein folding, disulfide redox chemistry?, ER membrane movement into the lumen is thus favored, another Kar2 molecule will bind, and eventually, the entire polypeptide will translocate into the ER. This model fits the notion that Kar2 acts in some cases simply by binding to its substrate (283, 427) . In the "translocation motor" model, Kar2, while simultaneously bound to the substrate and Sec63, pulls the polypeptide through the translocon into the ER by hydrolyzing ATP (155) . This is proposed to occur by a conformational change in Kar2, which, by replacing ADP with ATP, resets back to its original non-substrate-and non-Sec63binding state. Multiple iterative rounds of this action would effectively "pull" the polypeptide into the ER (155) . While both models require that Kar2 bind the translocating substrate, the ratchet model is well supported by experimental data, while the translocation motor mechanism remains less well validated. Retrograde transport of aberrant polypeptides from the ER into the cytosol for proteasomal degradation. Most misfolded proteins are handled in the ER, although some of them escape the quality surveillance system and are transported to and degraded by the lysosome. Results from a number of groups using mutants and inhibitors of the proteasome showed that the degradation of misfolded ER proteins occurred in the cytosol. In order for this to occur, these proteins must first be retrotranslocated from the lumen or ER membrane back into the cytosol (Fig. 7) . This pathway is now well established and is known as "ER-associated degrada-tion" (ERAD) and contributes to ER proteostasis (288) . Kar2 was shown to be required for the ERAD of a mutated carboxypeptidase Y allele, CPY* (a known substrate for ER degradation). In the kar2-113 mutant strain, a 2-fold increase in the stabilization of lumenal CPY* was seen over the wild type, indicating a defect in the delivery of CPY* to the cytosolic proteasome (346) . Kar2 interacts with the lumenal face of Sec61 translocons not engaged in active translocation (those with ribosomes attached to the cytosolic face of the pore) to seal off the cytosol from the ER lumen, and this activity requires that Kar2 be in the nucleotide-bound state (168) . How Kar2 maintains this seal while participating in its other ER protein biogenesis roles is yet to be determined.
Regulation of the UPR pathway. The UPR pathway is activated when unfolded proteins accumulate in the ER, leading to the oligomerization of the transmembrane kinase Ire1 (408) . Ire1 initiates the nonconventional splicing of HAC1 mRNA in the cytosol, converting it to its mature form, which is then translated to produce a functional transcription factor, Hac1. Hac1 efficiently induces the transcription of genes that contain one or more unfolded protein response elements (UPREs) in their promoters (76) . KAR2 is one such gene and, hence, is induced when unfolded proteins accumulate in the ER lumen. Two important experiments support the notion that Kar2 is a critical modulator of the UPR via the regulation of Ire1. First, mutations in the substrate-binding domain of Kar2 that impaired binding to Ire1 were found to activate the UPR in the absence of ER stress, and second, mutations in the ATPase domain of Kar2 were shown to impair release of Kar2 from Ire1 in the presence of tunicamycin, an ER stressor, resulting in an inability to activate the UPR (227) . An alternative model for UPR activation is that unfolded proteins directly stimulate Ire1 independent of its interaction with Kar2. In vivo and in vitro experiments to test this model showed that the core lumenal domain of Ire1 binds directly to the model substrate CPY* (144) . In that same study, Ire1 was shown to exhibit peptide-binding preferences similar to those of Kar2, suggesting that these two proteins may compete for binding to unfolded substrate proteins, resulting in UPR activation. Clearly, unfolded polypeptides are competent to bind Ire1 and promote its activation by enhancing oligomerization, relegating Kar2 to a modulatory role. The UPR, along with ERAD, provides a different means of dealing with ER stress caused by protein misfolding in the ER. Two concomitant studies showed that these two pathways are linked. CPY* is stabilized in UPR-deficient cells, suggesting that the UPR is involved in the clearance of at least this model misfolded protein. Additionally, many known ERAD genes are activated by the UPR, and ERAD-deficient mutants constitutively induce the UPR, demonstrating that the inability to export damaged ER cargo causes lumenal proteotoxic stress (317, 461) . As the sole Hsp70 of the ER, Kar2 is clearly a multitasking molecular chaperone recruited to perform a number of roles in protein biogenesis (Fig. 7) . This diversity of function is possible in part due to the nonselective nature of the Hsp70 class of chaperones and to the action of multiple Kar2 cofactors in the ER that provide both specificity and pathway-specific targeting. As is the case for the cytosolic Hsp70s, these accessory proteins fall into two distinct classes, the Hsp40/J proteins and nucleotide exchange factors.
ER J Proteins
S. cerevisiae expresses three ER-localized J-domain proteins: Sec63, Scj1, and Jem1 ( Fig. 7) (322, 378, 394 ). Sec63, a 73-kDa integral membrane protein, spans the ER membrane three times, with its J domain facing the ER lumen and its C terminus located in the cytosol (129) . Sec63 binds and stimulates Kar2, as demonstrated by using a glutathione S-transferase (GST) fusion of the J domain of Sec63 alone (63Jp) (38, 70) . Additional genetic evidence supports the in vivo interaction of these two proteins: thermosensitive alleles of SEC63 and KAR2 grow normally at 25°C but are synthetic lethal, and dominant KAR2 alleles were shown to suppress the growth and translocation defects of the sec63-1 strain (404) . When expressed in yeast, soluble 63Jp caused defects in the translocation of pp␣F, suggesting competition for Kar2 binding and the sequestration of Kar2 from the Sec61 translocon. In another study, translocation defects observed for the sec63-1 strain were narrowed down to a defective interaction between Kar2 and Sec63 (273) . These results imply that a major role for Sec63 is to recruit Kar2 to the membrane in the immediate vicinity of the Sec61 translocon for the efficient co-and posttranslational translocation of ER-targeted proteins (273) . In addition to its role as a lumenal Hsp70 recruiter, the extreme cytosolic C-terminal region of Sec63 containing a 52-residue acidic domain is required for posttranslational translocation but not for cotranslational translocation (205) . Jem1 (DnaJ-like protein of the ER membrane), a nonessential bitopic membrane protein with its J domain in the ER lumen, is required for karyogamy during mating (322) . The overexpression of JEM1 from a 2m plasmid suppressed the karyogamy defect of a kar2-1 mutant, demonstrating a genetic interaction between this Hsp70-Hsp40 pair (36) . In contrast, the overexpression of Sec63 in the same background had very little suppressive phenotype, suggesting that Jem1 specifically interacts with Kar2 to promote nuclear fusion. A third soluble ER lumen J protein, Scj1, was identified in a genetic screen for candidates that caused the missorting of a nuclear-targeted protein (25) . The swapping of the J domain of Sec63 with that of Scj1 was sufficient to suppress the temperature-sensitive phenotype of the sec63-1 and sec63-101 strains, suggesting that the J domain of Scj1 is competent for Kar2 binding and recruitment (394) . However, the replacement of the J domain of Sec63 with those of the non-ER Hsp40s Sis1 (cytosol) and Mdj1 (mitochondria) did not generate functional chimeras, indicating that the Hsp70-Hsp40 interaction is not universally exchangeable (394) . The translocation of CPY is unaffected in scj1⌬ cells, confirming previous observations that Scj1 does not play a role in protein translocation across the ER (424) . The addition of N-linked oligosaccharides to proteins is an important step in protein folding in the ER and is catalyzed by oligosaccharyltransferase (OST). CPY and a nonglycosylated mutant allele were used as substrates to determine if Scj1 is involved in the folding and exit of cargo from the ER. The loss of Scj1 caused a modest delay in the folding of hypoglycosylated forms of CPY but to a lesser extent than that reported for kar2 mutant alleles, suggesting that Scj1 functions with Kar2 to counter the misfolding of proteins due to a lack of carbohydrate modifications (424). Recently, it was shown that yeast cells lacking the Scj1 and Jem1 proteins exhibited defects in the degradation of the heterologously expressed epithelial sodium channel (ENaC), whereas Kar2 function was dispensable. Both Scj1 and Jem1 assisted in the ERAD of ENaC independently of Kar2, indicating that some Hsp40s do not absolutely require Hsp70 to select and process substrates (41) . Furthermore, lumenal ERAD substrates were stabilized in either jem1⌬ or scj1⌬ cells but not in a sec63 temperature-sensitive mutant, whereas a jem1⌬ scj1⌬ strain lacking both J proteins had no effect on the ERAD of a membrane protein. These findings are consistent with previous observations that the ERAD of membrane proteins is Kar2 independent and that Sec63 is not involved in the recognition of ERAD substrates (323) . The latter conjecture is supported by genetic results wherein a single-amino-acid substitution in Kar2 (R217A) compromised its ability to interact with Sec63 but not Jem1, which in turn affected Sec63-dependent protein translocation but not Jem1-dependent ERAD (476) . To underscore the separation of duties for the ER J proteins, the ERAD-involved SCJ1 and JEM1 genes, but not the protein biogenesis-based SEC63 gene, contain UPREs in their promoters, with transcription induced by the addition of tunicamycin (322, 394) .
ER Nucleotide Exchange Factors
LHS1 (lumenal hsp seventy) encodes a nonessential ER glycoprotein that shares 24% amino acid identity with Kar2. Lhs1 is considered to be an "atypical" member of the Hsp70 superfamily and has been grouped with the Hsp110 family of Hsp70-like proteins that do not function as foldases in vivo. In a landmark paper, Steel and colleagues discovered that Lhs1 acts as a NEF for Kar2, paving the way for similar revelations about the Hsp110 family (443) . Consistent with this role, Lhs1 binds preferentially to the apo-and ADP-bound states of Kar2 and not its ATP-bound state (93) . Lhs1 and the Hsp110 Sse1 share key conserved Hsp70-binding residues and employ a similar mechanism to trigger nucleotide exchange on their cognate Hsp70s, Ssa1 and Kar2, respectively (8) . Unlike Sse1, Kar2 reciprocally stimulates the ATPase activity of Lhs1 in a manner that requires ATP hydrolysis by Kar2. However, ATP binding by Lhs1 is required to promote its nucleotide exchange activity on Kar2 (93) . Sse1 possesses holdase activity in vitro-is Lhs1 capable of the same profolding activity? Lhs1 was shown to reduce the thermal aggregation of the model substrate firefly luciferase in a nucleotide-independent manner (93) . Likewise, similar experiments with the mammalian Lhs1 homolog Grp170 demonstrated the same properties, indicating that holdase activity is a conserved function of this protein family (498) . To investigate the role of Lhs1 in protein translocation across the ER membrane, the biogenesis of a variety of precursor proteins was examined. While the loss of Lhs1 clearly showed defects in the translocation of pre-PDI, pp␣F, and pre-Kar2, no defect was observed for preinvertase or pre-dipeptidylaminopeptidase B (DPAPB), suggesting that Lhs1 is required for the efficient translocation of a subset of precursors (84) . It was later shown that nucleotide binding to Lhs1, and, hence, its NEF activity, is required for this function (93) . This is consistent with the observation that the other ER NEF, SIL1 (suppressor of the ire1⌬ lhs1⌬ double mutant) (see below) can partially compensate for LHS1 in translocation when overexpressed (471) . Lhs1 was found to be required for the refolding, solubilization, and reactivation of the marker protein Hsp150⌬-␤-lactamase after heat denaturation but interestingly played no role in its translocation, folding, and secretion under normal conditions (387) . Two general conclusions can be drawn from these data. First, while Lhs1 is clearly capable of binding unfolded proteins, this feature may be secondary to its role as a NEF for Kar2, at least with respect to the translocation and biogenesis of ER cargo. Second, the folding repair machinery in the ER may be distinct from the folding of newly synthesized polypeptides. The promoter of LHS1 contains a UPRE similar to KAR2 and is transcriptionally induced both in the presence of tunicamycin and in a kar2-159 mutant strain previously shown to accumulate unfolded proteins in the ER (17, 84) . However, unlike KAR2, LHS1 is not a heat shock-inducible gene. Strains lacking LHS1 exhibit elevated KAR2 and PDI1 mRNA levels, consistent with the constitutive induction of the UPR (84) . UPR activation is physiologically relevant, as a double mutant strain lacking LHS1 and IRE1 is synthetic lethal, which is indicative of profound folding defects in lhs1⌬ cells. Once again, NEF-defective LHS1 mutants phenocopy the null mutant for UPR regulation, highlighting the importance of this biochemical activity (93) .
The other NEF of the ER lumen, SIL1, was identified in a screen for suppressors of ire1⌬ lhs1⌬ lethality. It is a nonessential protein present in the ER lumen and is conserved from yeast to humans. Sil1 is homologous to the Sls1 protein from the yeast Yarrowia lipolytica, which was shown previously to interact with Kar2 (26) . Sil1 in S. cerevisiae was subsequently shown to interact specifically with the ATPase domain of Kar2 (215, 471) . SIL1 is synthetically lethal when disrupted in combination with the kar2-113 and sec63-1 mutant alleles, suggesting that Sil1 plays a role in the translocation process. In addition, kar2-1 and kar2-133 mutant strains that show defects in folding and ERAD but not translocation are inviable in the absence of SIL1, implicating the NEF in the other functions of Kar2 (215) . In a GST pulldown assay, Sil1 promoted the binding of Kar2 with Sec63 in vitro, although the formation of this complex might be only transient in vivo. Since both Sil1 and Lhs1 bind Kar2, it was suggested that they do so in a mutually exclusive manner (443) . Like Lhs1, Sil1 stimulates Kar2 ATPase activity and was also found to preferentially bind to the ADPbound conformation of Kar2 (215) . The deletion of SIL1 alone does not result in detectable translocation defects. However, the elimination of both SIL1 and LHS1 results in synthetic lethality (471) .
The Glycoprotein Chaperone Calnexin
Calnexin, an ER integral membrane protein, was first identified in mammals as a molecular chaperone that retained incompletely folded glycoproteins in the ER until they were either properly folded or degraded (22, 118) . Cne1, the yeast homolog of calnexin, is about 23% identical at the amino acid level to mammalian calnexin and is glycosylated but lacks a cytoplasmic tail and the capacity to bind calcium ( Fig. 7) (334) . Calreticulin, a calnexin homolog that performs the same function as that performed by calnexin in the mammalian ER lumen, is absent in S. cerevisiae. In addition, UDP-glucose:glycoprotein glucosyltransferase, a key component in the quality control of glycoprotein folding in mammalian cells, is also lacking in yeast (199) . Glycoprotein quality control in yeast is therefore potentially less complex than that in higher eukaryotes. However, CNE1 is not essential, suggesting that other uncharacterized proteins may compensate for its absence (436) . Cne1 exhibits holdase activity, as demonstrated by its ability to suppress the aggregation of thermally denatured citrate synthase (CS) as well as enhance its reactivation (195, 519) . The lectin domain of Cne1 was shown to specifically bind monoglucosylated oligosaccharides, further confirming its function as a component of the glycoprotein quality control system in the ER (519) . Another conserved site, called the P (proline-rich) domain, is required for full activity, as the deletion of this region partially decreased the ability of Cne1 to suppress the aggregation of CS and chicken egg yolk immunoglobulin and decreased the refolding of CS (401, 518) . Two models have been proposed to describe the roles of calnexin in protein folding. In the "lectin-only" model, calnexin functions only through its lectin domain, with repeated cycles of glycoprotein binding and release through a monoglucosylated oligosaccharide. In this model, calnexin does not act as a classical chaperone to prevent protein aggregation but may recruit chaperones to the unfolded glycoprotein, as demonstrated by its binding to ERp57, a mammalian thiol oxidoreductase that catalyzes disulfide formation in glycoproteins bound to calnexin (195) . In the "dual-binding" model, calnexin functions as a lectin and a chaperone. In addition to incorporating the features of the lectin-only model, the model proposes a second site on calnexin that binds directly to polypeptide stretches of unfolded glycoproteins, similar to other chaperones. The latter model is supported by the findings that (i) complexes between calnexin and glycoproteins cannot be dissociated by completely removing oligosaccharides and (ii) calnexin retains interactions with unglycosylated proteins (195) .
Protein Disulfide Isomerases
Many ER-resident and secreted proteins contain oxidized disulfide bonds between closely apposed cysteines that maintain their tertiary or quaternary structures. Cargos that form incorrect disulfide bonds or fail to form them are subject to misfolding, the repair of which is impossible without resolving the improper covalent disulfide links. Thus, oxidizing compartments like the ER (and the periplasm in Gram-negative bacteria) contain proteins that catalyze the formation, reduction, and isomerization of disulfide bonds called protein disulfide isomerases (PDIs) ( Fig. 7 ) (138) . The oxidase activity of PDI is favored when its active-site cysteines (CxxC) are in the disulfide (oxidized) form, which then catalyzes the oxidation of neighboring sulfhydryl groups in a substrate polypeptide to a disulfide bond. On the contrary, when the active-site cysteines of PDI are reduced (dithiol form), the enzyme catalyzes the reduction or isomerization of disulfides on substrate proteins (272, 493) . Yeast Pdi1 is a 522-amino-acid protein that shares 30% identity with mammalian PDIs and is essential for cell viability (128, 454) . A significant difference between yeast Pdi1 and its mammalian homolog is the presence of five consensus N-glycosylation sites in Pdi1, all of which are modified in the protein, as seen by a migration shift in SDS-PAGE gels of approximately 10 kDa after endoglycosidase H (EndoH) treatment (297) . Mammalian PDI family members contribute both isomerase and chaperone functions to maintain cell growth (46, 351, 435, 523) . However, in yeast, only the disulfide isomerase activity of Pdi1 appears to be essential (228) .
In addition to PDI1, S. cerevisiae possesses four other PDI homologs, MPD1, MPD2, EUG1, and EPS1, all of which are nonessential (452, 453, 455, 496) . All are soluble lumenal proteins, except for Eps1, which is the only membrane-associated PDI1 homolog. Evidence from different groups showed that the overexpression of any of these homologs can partially suppress the lethality of the pdi1⌬ strain, suggesting that they have the ability to carry out the minimum Pdi1 function required for cell survival (324) . Why, then, is the deletion of PDI1 lethal? A possible explanation lies in the observation that the additional PDI genes are expressed at substantially lower levels in the cell. This notion was tested by placing PDI1 under the control of the weak MPD1 promoter. Interestingly, this construct was able to rescue a pdi1⌬ eug1⌬ mpd1⌬ mpd2⌬ eps1⌬ strain, suggesting that low PDI levels are sufficient for viability. Moreover, of all the PDI genes, only MPD1 and PDI1 are competent to serve as the sole source of PDI enzyme activity (324) . A series of genetic and biochemical experiments suggested that Mpd1 and Mpd2 perform complementary functions. The overexpression of EUG1 was found to complement the lethality of the multiple-PDI-knockout strain only if MPD1 and MPD2 were both present. The overexpression of MPD2 is not able to rescue the pdi1⌬ mutation if MPD1 is also absent. A biochemical analysis demonstrated that Mpd1 exhibits very weak isomerase activity and that Mpd2 has a high level of chaperone activity. Both proteins interact with a dissociation constant in the micromolar range, but neither protein increases the isomerase activity or the chaperone activity of the other (228) . Unlike all known PDIs, EUG1 lacks one of the two cysteines in the active site (CxxS), cannot form an intramolecular disulfide bond, and, thus, is unable to transfer oxidizing equivalents to substrates. EUG1 expression is induced in the presence of unfolded proteins in the ER, consistent with the presence of a UPRE in its promoter sequence (452) . To study the chaperone activity of the PDI homologs, the rate of intracellular folding of proCPY was monitored, since only the correctly folded protein can exit the ER (151) . Besides PDI1, none of the PDI homologs were absolutely required for the folding of proCPY. However, they likely recognize it as a substrate in the absence of Pdi1, because proCPY maturation and ER exit proceed but at a much reduced rate. In contrast to a previous observation that Pdi1 played a role in the ERAD of the above-mentioned misfolded substrate CPY* (88), later evidence suggested that neither Pdi1 nor its homologs play a significant role in its degradation (154, 324) . The basis for these opposing results is unclear but may be due to physiological differences in the strains. The PDI homolog Mpd1 interacts with Cne1 (calnexin), which increased the reductive activity of Mpd1 but unexpectedly eliminated Cne1 chaperone activity (229) . This result suggests that Mpd1 might bind Cne1 near the peptide-binding site of Cne1, competitively inhibiting substrate associations. The membrane-associated Eps1 has strong chaperone activity but no oxidative activity, and similar to Pdi1, it interacts with Kar2 (229) . It is possible that Eps1 may function solely as a molecular chaperone in vivo, but its function as a redox enzyme cannot be ruled out, since its reductive activity is increased in the presence of Eug1.
MOLECULAR CHAPERONES OF THE MITOCHONDRION
Mitochondria are essential eukaryotic organelles required for a range of metabolic, signaling, and developmental processes. They also present a unique challenge for protein biosynthesis, targeting, and quality control, given the different milieus within the organelle and its evolutionary history. Mitochondria possess two distinct membrane systems, an inner membrane (IM) and an outer membrane (OM), and two physically separate soluble compartments, the intermembrane space (IMS) and matrix. It is generally accepted that eukaryotic mitochondria arose after a cellular fusion event of a protoeukaryote/archaeon and a Gram-negative eubacterium, and this relationship is supported by the close homology of many bacterial and mitochondrial proteins. While a few mitochondrial proteins are encoded and synthesized within the mitochondrial matrix, the vast majority are synthesized in the cytosol from nuclear genes and must be posttranslationally translocated in an unfolded state into the mitochondria for folding and/or additional targeting. Mitochondria thus possess dedicated chaperone systems to assist in these processes (Table 3 and Fig. 8 ).
Mitochondrial Hsp70s
In S. cerevisiae, three distinct Hsp70s are present within mitochondria, Ssc1, Ssc3, and Ssq1 (16, 83, 391) . As discussed below, these chaperones play distinct and occasionally overlapping roles in mitochondrial protein dynamics. Like all members of the Hsp70 family, mitochondrial Hsp70 (mtHsp70) contains an Nterminal ATPase domain (NBD) and a C-terminal substratebinding domain (SBD). The nuclear gene SSC1 encodes an essential mitochondrial matrix Hsp70 protein that additionally includes a 28-amino-acid mitochondrion-targeting sequence at the amino terminus that is cleaved upon translocation into the matrix (82, 83, 306) . The sequence of Ssc1 more closely resembles that of the bacterial Hsp70 DnaK than those of its yeast cytosolic counterparts, Ssa1 and Ssb1, consistent with the hypothesis that mitochondria are of bacterial origin. The two primary functions of Ssc1 are to assist protein translocation and subsequent protein folding. The initial transport of a precursor protein into mitochondria requires an energized inner membrane. The membrane potential (⌬⌿), and not the proton motive force, is required for precursor transport, possibly through the electrophoretic effect on the positively charged presequence required for mitochondrial targeting (281) . Pulse radiolabeling of a temperature-sensitive ssc1-2 strain with [ 35 S]methionine showed a substantial accumulation of precursor proteins at the nonpermissive temperature, demonstrating the necessity of Ssc1 for import (222) . Cross-link-ing experiments showed that Ssc1 interacts directly with precursor proteins entering the matrix: this interaction occurs early in the import process, as the cross-linked precursor still contains its cleavable presequence and spans both the inner and outer membranes (222, 389) . Does Ssc1 binding to the precursor polypeptide facilitate its unfolding on the cytosolic side? To test this hypothesis, the rate of translocation of a completely unfolded protein into isolated wild-type or ssc1 mutant mitochondria was compared to that of a partially unfolded protein. While transport rates were similar for the completely unfolded substrate, the partially folded protein exhibited slower import into mitochondria defective for Ssc1 (222) . This finding supports the idea that the binding of Ssc1 to the precursor protein on the trans side (matrix) facilitates its unfolding on the cytosolic side. Moreover, ATP and a functional ATPase domain of Ssc1 are required to bind the polypeptide and drive its translocation into the matrix (143) . However, precursor proteins with an IMS sorting signal do not require Ssc1 function for import, suggesting that these two destinations are functionally distinct in terms of mechanical translocation requirements (488) . Mitochondria contain transport machineries in both their outer and inner membranes for the import of nuclear-encoded proteins. The translocase of the outer membrane (Tom), a general import pore, and the translocase of the inner membrane (Tim) are transiently linked via a transiting precursor protein. In S. cerevisiae, Tim44, Tim23, and Tim17 comprise the essential proteins of the Tim complex and were all shown to be in close contact with the precursor protein by in vivo cross-linking approaches (reviewed in reference 315). Interactions between Ssc1 and the Tim complex would support the idea that Ssc1 is recruited to the inner membrane for precursor import into the matrix. Genetic experiments showed that the overexpression of either SSC1 or TIM44 rescues the protein import defects seen in mutant alleles of the other gene. In addition, a severe synthetic growth defect was observed when hypomorphic alleles for both genes were combined (358) . Results from biochemical experiments further confirmed this interaction and demonstrated that Ssc1 requires a functional ATPase domain to productively interact with Tim44 to promote substrate translocation (358) . ATP hydrolysis by Ssc1 dissociates the Ssc1-Tim44 complex, which can then lead to Tim44 interacting with another Ssc1 molecule. Similar to the ratchet mechanism of Kar2 for precursor import into the ER, the binding and release of Ssc1 from Tim44 at the inner mitochondrial membrane facilitate the movement of the precursor in the forward direction (399) . Specifically, Tim44 interacts with the ␤-stranded portion of the peptide-binding domain of Ssc1, which is postulated to position the substratebinding domain near the outlet of the import channel to make Ssc1 available immediately for precursor protein binding (307) . Genetic and biochemical experiments also showed Ssc1 to interact with the integral membrane protein Tim17 in an ATPase-dependent manner (27) . This provides evidence of a second membrane anchor that recruits Ssc1 to the Tim complex for precursor protein import into the matrix. Interestingly, Ssc1-2 binds its substrates efficiently but not Tim17 or Tim44, suggesting that Ssc1 binding to the Tim complex is distinct from its binding to substrates and that both are required for the full function of Ssc1. Evidence of an Ssc1 function in posttranslocation folding was obtained by using a protease sensitivity assay. A hybrid protein between a native mitochondrial protein and the enzyme dihydrofolate reductase (DHFR) (Su9-DHFR) that localizes to mitochondria was used as a substrate to determine the folding state of the DHFR domain. In wild-type cells, DHFR folds into its mature form after translocation and is resistant to proteolysis, while DHFR in the ssc1-2 mutant is almost completely proteinase K sensitive (222) . Similarly, the refolding of chemically denatured luciferase depends on the presence of Ssc1, further supporting its role in substrate folding (261) . Ssc1 is also required to stabilize unfolded proteins and maintain them in a soluble state (492) . Another SSC1 temperature-sensitive mutant strain, the ssc1-3 strain, carries a mutation in the ATPase domain (G56S) and was defective in recovery after lethal (50°C) heat shock, in contrast to the ssc1-2 strain with a substitution in the peptide-binding domain (P419S) (326) . This behavior was correlated with substratebinding efficacy, as both purified mutant proteins were tested for their abilities to bind a denatured protein, reduced carboxymethylated ␣-lactalbumin (RCMLA), and while Ssc1-2 and wild-type Ssc1 bound well to the substrate, Ssc1-3 did not. Together, these results suggest that the binding capacity of Ssc1 for unfolded proteins is critical for recovery after stress. Ssc1 therefore plays dual roles as a mitochondrial import motor and a matrix foldase. These duties are coordinated by the participation of Ssc1 in two distinct protein complexes. The import complex associated with the inner membrane contains Ssc1, Tim44, and the NEF Mge1. The folding complex contains Ssc1, the J protein Mdj1, and the NEF Mge1 and is localized in the matrix. Hence, a precursor protein destined for the matrix first binds to the import complex and then is subsequently transferred to the folding complex (190) .
Matrix-localized Ssc3 (Ecm10) was first identified in a screen for mutants exhibiting increased sensitivity to the cell wall-perturbing agent calcofluor, but the relationship between this mitochondrion-localized protein and cell wall formation remains un-clear (270) . The amino acid sequence of Ssc3 is 82% identical to that of Ssc1, and this high degree of similarity implies a functional overlap between both proteins. The overexpression of SSC3 in the temperature-sensitive ssc1-3 strain, which is defective in protein import when grown at the nonpermissive temperature, resulted in the complete restoration of protein import into the matrix (16) . In addition, Ssc3 is associated with substrate proteins during or after their import into the matrix, confirming its role as another mitochondrial Hsp70 chaperone with overlapping substrate specificities (16) . Cells lacking SSC3 show no obvious growth defects, likely due to functional redundancy with SSC1. However, the disruption of SSC3 in the conditional ssc1-3 strain resulted in heightened cold sensitivity when grown on glycerol compared to the ssc1-3 strain alone, suggesting a role for Ssc3 in protection against cold stress when Ssc1 is partially defective (16) . Contrary to the above-described evidence, recent data showed that SSC3, when overexpressed in the ssc1⌬ strain complemented with the SSC1 gene on a URA3-marked plasmid, cannot support growth after counterselection for the loss of the complementing plasmid on 5-fluoroorotic acid (5-FOA) (330) . These results suggest that SSC3 may not be competent to replace all the biological functions of SSC1 when the latter is absent, as opposed to being compromised by a point mutation. In support of this conjecture, fluorescence anisotropy measurements showed that Ssc3 exhibited a lower affinity with a generic Hsp70-binding peptide than Ssc1. Using chimeras of Ssc1 and Ssc3, the D-helix within the SBD of both proteins was shown to be responsible for their differential affinities for client proteins (330) . These functional differences may explain the observation that Ssc3 is present in only a small subset of closely related fungi, including S. cerevisiae, Saccharomyces bayanus, and Candida glabrata. It still remains to be shown what the differences in the phenotypes seen by those two groups represent.
The third Hsp70 family member, Ssq1, is also localized to the mitochondrial matrix but is distantly related to Ssc1, exhibiting 52% amino acid identity (391) . Consistently, Ssq1 is capable of binding ATP directly and interacts with the model substrate RCMLA (395) . Some functions of Ssq1 and Ssc1 may be related, since the overexpression of SSC1 in ssq1⌬ cells partially rescues the cold-sensitive growth defect associated with this strain (391) . However, ssc1 mutants that have growth and translocation defects at the nonpermissive temperature cannot be rescued, even when Ssq1 is strongly overexpressed, effectively classifying Ssc1 as a "generalist" Hsp70 and Ssq1 as a "specialist" isoform. The lack of a translocation defect may be due to the inability of Ssq1 to interact with Tim44, thereby making it less likely to be involved in protein import and raising the question of what role a third functional Hsp70 might play in the matrix (271) . Strikingly, both a conditional ssq1-2 mutant and ssq1⌬ strains accumulate large amounts of iron in the mitochondria (230) . A synthetic lethal interaction between ssq1⌬ and nfu1⌬, a gene homologous to those involved in iron-sulfur (FeS) center formation in nitrogen-fixing bacteria, further suggested a possible role for Ssq1 in FeS protein biogenesis (392) . FeS proteins are present in both prokaryotic and eukaryotic cells and play central roles in a number of cellular processes, including redox reactions, nitrogen fixation, metabolic conversions, and iron and oxygen sensing (212) . The biogenesis of FeS-containing proteins takes place in the mitochondria, and increasing evidence shows that Ssq1 is needed for this process. The activity of the FeS cluster-containing enzyme succinate dehydro-genase in the ssq1⌬ strain is considerably reduced compared to that in the wild type, providing evidence for its role in FeS biogenesis (392) . In addition, mitochondria lacking functional Ssq1 are unable to incorporate FeS clusters into ferredoxin, suggesting a role for Ssq1 in the biogenesis and/or incorporation of FeS clusters rather than the maintenance or protection of FeS-containing proteins (271) . While early evidence suggested an interaction between Ssq1 and the FeS cluster scaffolding protein Isu1, this may be indirect, instead requiring the cysteine desulfurase Nfs1 to mediate the differential regulation of Isu1 (9, 114) . Defects in iron incorporation into FeS, resulting in Freidreich's ataxia, are linked to mutations in human frataxin (yeast Yfh1), underscoring the relevance of chaperone function to organellar biology (49) .
Mitochondrial Hsp70 Cofactors: J Proteins and NEFs
As with the Hsp70s resident in the cytoplasm and ER, mitochondrial Hsp70s are assisted by J proteins and nucleotide exchange factors that play roles in targeting and help confer specificity (Fig.  8 ). Initial speculation that Tim44 of the Tim translocase machinery was the J-protein partner for Ssc1 for precursor translocation into the mitochondria was shown not to be true, since Tim44 was unable to stimulate the ATPase activity of Ssc1 or bind Ssc1 similarly to the J protein Mdj1, suggesting the involvement of another J protein in this function. An in silico search of the yeast genome database identified the essential PAM18 (presequence translocaseassociated motor) gene, whose gene product contains a J domain that is 57% identical to another mitochondrial inner membrane J protein, Mdj2. Substitutions in the conserved HPD sequence of Pam18 rendered the mutant protein unable to rescue the inviability of the pam18⌬ strain, demonstrating the importance of the J domain for function (109, 300, 469) . The requirement for Pam18 in protein import into the matrix and its ability to stimulate the ATPase activity of Ssc1 confirm its role as the J-domain partner for Ssc1 (109, 300, 469) . This stimulation was specific to Ssc1, since Pam18 did not stimulate the ATPase activity of the other mitochondrial Hsp70, Ssq1 (109) . Thus, Pam18 localized at the mitochondrial inner membrane with its J domain facing the matrix can stimulate the ATPase activity of Ssc1 that is recruited by Tim44 to the membrane for precursor protein import. Pam16 is a "J-like" protein, as it contains a sequence similar to that of the J domain of Pam18 but lacks the signature HPD motif, having DKE in its place (137, 233) . Similar to Pam18, Pam16 is required for precursor translocation into the matrix and forms a stable subcomplex with the Tim23 translocase (137, 233) . However, Pam16 efficiently inhibits the Pam18-dependent stimulation of the ATPase activity of Ssc1 (256) . The replacement of the DKE motif of Pam16 with HPD did not convert it into a J protein, nor could this mutant protein stimulate the ATPase activity of Ssc1. This may be due to the interaction surface of Pam16, which is mostly neutral or negatively charged, compared to the positively charged surface of Pam18 (299) . When carried on a plasmid in the pam18⌬ strain, PAM16 failed to rescue the inviability of these cells, suggesting that the main role for Pam16 is to control the activity of Pam18 at the inner mitochondrial membrane (256) . To test the hypothesis that Pam16 regulates the interaction of Pam18 with the Tim23 complex, the complex was isolated from a wild-type strain and a mutant strain (pam16-1) and tested for the presence of Pam18. Compared to the wild type, the Tim23 complex isolated from the pam16-1 strain lacked Pam18, which indicates that Pam16 acts as an adaptor protein for Pam18 at the Tim23 complex, thus regu-lating Pam18's role to stimulate Ssc1 ATPase activity (256) . In contrast, a more recent study found that the ability of Pam18 to stimulate Ssc1 was not influenced by Pam16; rather, the primary, if not sole, role for Pam16 is as a tether to recruit Pam18 to the translocon (328) . This was confirmed by evidence showing that the J-like domain of Pam16 strongly interacts with the Pam18 J domain and that the formation of the Pam16-Pam18 heterodimer was essential for cell growth and protein import into mitochondria (110) . The mitochondrial DnaJ (MDJ1) gene was identified during DNA sequencing of an S. cerevisiae genomic library (374) . Mdj1 is a soluble mitochondrial matrix protein and is not required for the Ssc1-dependent import of a number of precursor proteins tested (374) . However, Mdj1 binds to precursor proteins entering the matrix in the latter stages of their import, possibly to fold newly imported proteins during their translocation (508) . The minimal length of a precursor protein that is in the matrix before Mdj1 can bind is unknown. Mitochondria lacking MDJ1 were found to aggregate approximately 20% of the model fusion substrate Su9-DHFR compared to wild-type mitochondria, and aggregation was more pronounced with heat stress at 37°C (374) . This finding suggests a role for Mdj1 in preventing heat-induced protein aggregation in the mitochondria. The enzymatic activity of firefly luciferase targeted to mitochondria was also reduced by 70% in mdj1⌬ cells, supporting the conclusion that Mdj1 is involved in protein folding (374) . Furthermore, by cross-linking experiments, Mdj1 and Ssc1 were shown to play a role in binding to nascent chains on mitochondrial ribosomes, possibly to prevent unproductive protein folding during translation (508) . In addition to folding, Mdj1 also plays a role in protein degradation. A yeast strain containing a disrupted MDJ1 gene was shown to be defective in the degradation of two substrate proteins, indicating a role for Mdj1 in the clearance of misfolded mitochondrial proteins. This process is dependent on its functional interaction with Ssc1, since the release of an unfolded protein from Ssc1 was inhibited in the absence of Mdj1 (492) . Mdj2 is an integral membrane protein present in the mitochondrial inner membrane with its J domain facing the matrix (509) . As expected of J-domain-containing proteins, Mdj2 simulates the ATPase activity of Ssc1 (301) . Although nonessential, the loss of MDJ2 in an mdj1⌬ strain is lethal when cells are grown at 35°C compared to strains that lack either of the genes at that temperature (509) . This finding suggests that Mdj2 is required for some of the functions of Mdj1 under these conditions. By using various mutations of Mdj1 in the mdj2⌬ strain, the complementation of growth at 35°C was tested (509) . The J domain of MDJ2 appears to partially complement the J domain of Mdj1, as established by assaying the suppression of the 35°C growth defect of mdj2⌬ cells with various MDJ1 mutants (509) . On the other hand, the overexpression of MDJ2 cannot suppress the growth defects of mdj1 mutants, suggesting unique functions of Mdj1 (509) . Coimmunoprecipitation experiments revealed that Mdj2 associates with the Tim23 translocase, similarly to Pam18. In addition, Mdj2 and Pam18 form two separate complexes with Pam16 (57) . What is the functional significance of these distinct complexes? Contrary to its inhibitory effects on Pam18 (see above), Pam16 enhanced the ATPase activity of Ssc1 by Mdj2 (301) . Surprisingly, the growth and translocation defects of cells lacking PAM18 can be overcome by overexpressing MDJ2, suggesting that either can function to recruit and activate Ssc1 at the IM to promote import. Jac1 (J-type accessory chaperone) is an essential member of the J-domain-containing protein family that contains a mitochondrion-targeting sequence and is localized in the matrix (271, 446) . The identification in the same genetic screen of ssq1 and jac1 mutants as suppressors of metabolic defects associated with the absence of the copper/zinc superoxide dismutase (Sod1) suggests that Jac1 may play a role as the J-domain partner for Ssq1 (446) . Homologs of Ssq1 and Jac1 found in bacteria are closely associated with genes thought to be involved in FeS protein biosynthesis (446) . Is Jac1 a dedicated J protein for the mtHsp70 Ssq1? Multiple lines of evidence support this idea: (i) the activity of FeS clustercontaining enzymes, such as aconitase and succinate dehydrogenase, in ssq1⌬ and JAC1-depleted strains is significantly reduced (224, 271) ; (ii) cells which contain a mutation in either SSC1 or JAC1 and which are subjected to increased levels of iron in the growth medium experience a 10-fold increase in iron uptake in the mitochondria (224) ; and (iii) the incorporation of FeS centers into apo-ferredoxin is compromised in jac1⌬ and ssq1⌬ mitochondria (271) . In line with this function, mitochondria from jac1⌬ mutant cells show no defects in general protein import into mitochondria but show a defect in the import of Yfh1, the yeast frataxin homolog required for iron homeostasis (224) . Frataxin mutations in humans, associated with the disease Freidreich's ataxia, are characterized by a decrease in the activity of FeS-containing enzymes and an increase in mitochondrial iron levels (49) . The phenotype of a yfh1⌬ deletion strain is very similar to those of ssq1 and jac1 strains, confirming the role of this chaperone pair in iron homeostasis. The inability of the other mitochondrial matrix J protein, Mdj1, to suppress the growth defect of the jac1⌬ strain and the lack of rescue of mdj1⌬ growth by JAC1 suggest a functional difference between these two J-domain proteins (485) . The basis for this difference remains unresolved, but one possibility may be differential substrate bias. MGE1 (mitochondrial GrpE homolog) is an essential gene in S. cerevisiae that is related to the E. coli GrpE family, which promotes the release of bound nucleotide on the Hsp70 DnaK. MGE1 is a nuclear gene that encodes a soluble protein of the mitochondrial matrix (238) . Coimmunoprecipitation with anti-Ssc1 antibodies revealed that Mge1 associates with Ssc1. Moreover, binding is lost in the Ssc1-3 mutant protein, which is defective in ATP binding and hydrolysis (489) . In addition, ATP disrupts the association of Mge1 with Ssc1, suggesting that it binds Ssc1 in the nucleotidefree or ADP state (489) . A temperature-sensitive allele, mge1-100, was used to confirm a role in protein import in vivo (238) . The association of Ssc1 with Tim44 is required for the import of precursor proteins into the matrix and is dependent on the nucleotide state of Ssc1. Mge1 was shown to modulate the nucleotide-dependent stability of the Ssc1-Tim44 complex in the presence of physiological concentrations of cations, including Na ϩ , K ϩ , and Mg 2ϩ (400) . A conserved loop structure on the surface of the ATPase domain of Ssc1 mediates its interaction with Mge1 and for Mge1induced nucleotide exchange (293) . Mge1 stabilizes the complex in the presence of ATP analogs but not the hydrolyzable form of ATP, suggesting that Mge1 assists in the assembly of the ATPbinding form of the complex (400) . The overexpression of MGE1 led to a reduced rate of precursor protein import, likely due to the accelerated release of Ssc1 from the precursor as the chaperone was cycled back to the low-affinity ATP state. Mge1 also plays a role in posttranslocational folding, evidenced by the reduced rates of maturation of the Yfh1 protein observed for the mge1-100 strain. A similar defect occurs in strains lacking SSQ1, consistent with the close relationship between the Hsp70 and its accessory factor (395).
As described above, Ssc1 and Ssq1 partner with the dedicated J-domain-containing proteins Mdj1 and Jac1, respectively. In contrast, Mge1 is the only known mitochondrial NEF. The inactivation of Ssc1 in ssc1-3 mitochondria dramatically enhanced the interaction between Ssq1 and Mge1, suggesting that the two Hsp70s might compete for Mge1 associations (395) . The relative stoichiometry of the three proteins supports this notion, as the ratio of Ssc1 to Mge1 to Ssq1, is 250:50:1, as determined by immunoprecipitation experiments (395) . Taken together, these observations suggest that Ssq1 efficiently interacts with Mge1 but that the large excess of Ssc1 in the matrix may favor the formation of the Ssc1-Mge1 complex. Moreover, the higher relative stability of the Ssc1-Mge1 complex than of the Ssq1-Mge1 complex when treated with high concentrations of salt could factor into the competitive advantage of Ssc1 for Mge1 (395) . Correspondingly, MGE1 overexpression increases the activity of Ssq1, indicating that Mge1 is limiting for Ssq1 function in vivo. The mitochondrial matrix thus provides a unique example where the relative activity of multiple Hsp70 chaperones is governed by interactions with a single, limiting NEF.
The Mitochondrial Chaperonin Hsp60
The mitochondrial matrix of S. cerevisiae (and higher eukaryotes) contains another distinct protein-folding machine, Hsp60 (Fig. 8 ) (362) . Mitochondrial Hsp60, bacterial GroEL, and RubisCObinding protein (in chloroplasts) belong to the type I family of chaperonins. These are differentiated from the type II family, which resides in the cytoplasm of archaea (termed the thermosome) and the eukaryotic cytosol (CCT/TriC [discussed above]). Chaperonins are large, double-ring assemblies that provide an encapsulated cavity to facilitate the folding of newly translated and newly translocated proteins. Type I chaperonins are heat stress inducible, and members of the Hsp60 family form a homo-oligomer of 14 subunits with 7 subunits arranged in a double-stacked ring (490) . The inner cavity can accommodate proteins with a maximum mass of 50 kDa and keeps these substrates protected from the environment of the matrix. The importance of Hsp60 for cell function was shown by using temperature-sensitive mutants, as HSP60 null mutants are inviable due to massive mitochondrial folding defects, including the ␤-subunit of F 1 -ATPase, cytochrome b 2 , and the Rieske FeS protein of complex II (63) . Imported proteins transiently associate with Hsp60 as incompletely folded intermediates (327) . In agreement with this observation, HSP60 conditional mutants accumulate aggregates in the matrix that are unable to assemble into active complexes (63) . ATP addback experiments showed evidence for ATP-dependent folding and release of the substrate protein Su9-DHFR by Hsp60 in apyrase-treated mitochondria. At low levels of ATP, 60% of the substrate was protease sensitive and cofractionated with Hsp60. In contrast, the addition of ATP resulted in the folding of the substrate and its exit from Hsp60, making it protease resistant (327) . However, not all proteins that enter the matrix require Hsp60 for folding. The folding of four monomeric proteins (rhodanese, mitochondrial cyclophilin Cpr3, and matrix-targeted variants of dihydrofolate reductase and barnase) after their import into the matrix was monitored in a wild-type strain and an HSP60-inactivated strain. Of these, only rhodanese formed a tight complex with Hsp60 and required the chaperonin for folding (371) . To test whether mtHsp70 coordinates with Hsp60 for folding in the matrix, firefly luciferase carrying a mitochondrion-targeting signal (Su9-luciferase) was used as a model substrate to analyze the vectorial coupling of mtHsp70 with Hsp60 with regard to polypeptide transfer (184) . Radiolabeled Su9-luciferase that was translated in a rabbit reticulocyte lysate and imported into isolated yeast mitochondria interacted with Ssc1 (by coimmunoprecipitation) at the earliest time points examined. Over a period of a few minutes, the interaction of Su9-luciferase with Ssc1 was reduced, while its interaction with Hsp60 increased. Thus, a vectorial transfer of a substrate from mtHsp70 to Hsp60 occurs in the matrix, similarly to other imported proteins. However, luciferase does not efficiently dissociate from Hsp60 to reach its soluble enzymatically active state, in contrast to other proteins tested previously. A possible explanation for this finding is that luciferase (62 kDa) is too large to fit into the Hsp60 cavity and therefore cannot fold on Hsp60. The same experiment performed in the absence of Hsp60 did not enhance luciferase folding and still resulted in its aggregation, possibly due to the inability of mtHsp70 to efficiently fold this substrate in vivo. This finding is in contrast to evidence that showed that the highly homologous E. coli Hsp70 system (DnaK, DnaJ, and GrpE) efficiently folds luciferase in vitro. These data demonstrate that these two protein-folding machines do not act independently but in an ordered way, where substrate release from Hsp70 precedes its interaction with Hsp60.
Mitochondria also contain a regulator of Hsp60 called Hsp10, the homolog of E. coli GroES, that is essential for cell viability (187) . Hsp10 is an important component of various Hsp60-dependent functions, including the folding and assembly of proteins imported into the matrix and the sorting of the Rieske FeS protein en route from the matrix to the intermembrane space. However, consistent with previous in vitro observations, Hsp10 is not required for the folding of the precursor form of dihydrofolate reductase (DHFR). It is possible that small proteins such as DHFR do not require Hsp10 compared to larger proteins. By using an HSP10 mutant (P36S), the release of the substrate from Hsp60 was possible in the absence of Hsp10 function but led to protein aggregation as a result of a defective release from the cavity (187) . What features dictate whether a protein becomes a substrate for the chaperonin in vivo is an open question. To address this question, a screen was set up, using temperature-sensitive alleles of HSP60 and HSP10 to test the folding of substrates in the absence or presence of the respective proteins. The identified substrates were classified into three groups: (i) those that require both Hsp60 and Hsp10, (ii) those that require only Hsp60, and (iii) imported Hsp60 itself, which required Hsp10 to be present (111) . This finding suggests that Hsp60 does not obligatorily act with Hsp10 to promote matrix protein folding in vivo.
Hsp78, the Mitochondrial Disaggregase
The bacterial chaperone ClpB prevents the terminal accumulation of protein aggregates. In S. cerevisiae, two ClpB homologs are present, Hsp104 in the cytosol and Hsp78 in mitochondria. ClpB and its homologs belong to the AAA ϩ family, and Hsp78 is 65% similar and 44% identical to Hsp104. Moreover, when expressed in the cytosol, HSP78 can substitute for the loss of HSP104, which is indicative of a highly conserved mode of action (398) . Hsp78 binds to misfolded polypeptides in the matrix and stabilizes them, preventing aggregation (397) . Hsp78 is a soluble mitochondrial matrix protein whose deletion does not lead to obvious growth defects in cells under normal or heat stress conditions (249) . Heat stress inactivates mitochondrial protein synthesis, which is efficiently restored upon a return to normal growth conditions for wild-type, but not hsp78 mutant, cells. Thus, Hsp78 plays a role in the reactivation of damaged proteins, rather than protecting them from heat-induced inactivation (398) . Hsp78 was incapable of refolding denatured firefly luciferase in an in vitro system but promoted refolding by Ssc1, suggesting a functional cooperation between an unfoldase (Hsp78) and a foldase (Ssc1), similar to the analogous pairing (Hsp104 and Ssa1) in the cytosol (235) . The disruption of HSP78 in ssc1-3 or ssc1-2 mutant cells results in a petite phenotype due to the loss of mitochondrial DNA, suggesting that at least one of the two heat shock proteins is required to maintain genome integrity (298) . A molecular rationale for this phenotype is provided by the observation that the Mip1 polymerase is inactivated by heat shock and presumably requires Hsp78 and Ssc1 for a restoration of DNA polymerase activity (150) . ssc1-3 hsp78⌬ and ssc1-2 hsp78⌬ mutant strains also exhibit impaired protein import at the nonpermissive temperature. Conversely, the overexpression of Hsp78 in ssc1-3 cells substantially improves import activity, suggesting that Hsp78 can at least partially complement the functional roles played by Ssc1 (486) . Interestingly, Ssc1 itself is subject to misfolding during stress, and Hsp78 is required for its resolubilization (486) . Therefore, it is possible that a major role of Hsp78 with regard to thermotolerance is to maintain Ssc1 in a soluble and functional state under stress conditions. This also posits an unusual scenario wherein the "stress" protein is itself structurally labile. In fact, Ssc1 requires the assistance of a novel protein, Hep1 (mtHsp70 escort protein), to maintain solubility and function. Hep1 was identified by the affinity purification of Ssc1 and interacts with Ssc1 when ATP levels are low (421) . Fractionation studies of digitonin-digested mitochondria identified approximately 50% of Ssc1 in the insoluble fraction in hep1⌬ cells. Hep1 prevents the aggregation of purified Ssc1 but is not capable of resolubilizing the misfolded chaperone and therefore plays a role complementary to Hsp78 in maintaining functional Ssc1 (421) .
What happens to proteins not salvageable through the action of the mitochondrial chaperone network? The Pim1 protein complex was shown to degrade misfolded or unfolded reporter proteins (492) . Pim1 (proteolysis in mitochondria) is a soluble ringshaped structure in the mitochondrial matrix that is 30% identical to the E. coli Lon protease. Yeast cells lacking PIM1 are respiratory deficient and lose the integrity of their mitochondrial genome, similarly to hsp78⌬ cells. PIM1 mRNA is constitutively expressed, and its levels are increased after heat stress, suggesting that it is required at higher concentrations within the matrix to mediate recovery (475) . Ssc1 is also required for efficient proteolysis by Pim1, as demonstrated by a block in protein degradation in ssc1-2 and ssc1-3 mutants (492). Mechanistically, misfolded proteins must first be released from Ssc1 before degradation by Pim1. Mdj1 modulates the release of a substrate from Ssc1 and is thus required for efficient protein degradation in the matrix. The unfoldase Hsp78 is also unexpectedly required for degradation, as mitochondria lacking HSP78 degraded only 40% of imported test substrates compared to the wild type (80%) (372) . Therefore, the same chaperones that are responsible for repairing and refolding damaged protein substrates also mediate substrate triage and turnover. How the decision is made to refold or degrade and what determinants influence these outcomes are unknown.
THE HSR IN PATHOGENIC FUNGI
One of the most highly conserved features of all living organisms is the ability to sense and respond to sudden changes in temperature. Interestingly, the heat shock proteins (HSPs) have been frequently shown to be immunodominant in infection by diverse pathogenic fungi, which is against the common rule that the immune response is generally targeted against microbe-specific antigens (55, 102, 219, 236, 294, 295, 364, 418, 442, 457) . Candida albicans is a significant human fungal pathogen capable of disseminating through blood and colonizing almost all organs (514) . For C. albicans, an elevated temperature of 37°C is critical to undergo the morphological transition between yeast and filamentous growth states, and the capability to sense the temperature upshift and start morphogenesis is tightly linked to its virulence (449) . Numerous studies have shown that the heat shock proteins orchestrate temperature-dependent morphogenesis. Together, these observations spurred the push toward molecular genetic analyses of Hsp functions in pathogenic fungi. Two clones encoding Hsp70 were identified in C. albicans by the screening of a cDNA library of the yeast form of the organism with antibodies against heat-activated C. albicans. The deduced amino acid sequences are 79% identical and 84% similar to SSA1 to SSA4 of S. cerevisiae (122, 240) . SSB1 has been cloned from C. albicans with 85% similarity to the Ssb subfamily of S. cerevisiae (278) . Northern blot analysis revealed that like S. cerevisiae SSB1/2, C. albicans is upregulated after a mild cold shock and is rapidly downregulated after heat shock (279) . Interestingly, C. albicans Ssa1 and Ssa2 are expressed on the cell surface of both the yeast and hyphal forms (267) . Surface-associated Ssa1 and Ssa2 were identified as receptors for the saliva antimicrobial peptide histatin 5 (254, 255) . These two proteins are also essential for the fungicidal activity of human ␤-defensins 2 and 3 (491) . C. albicans expresses a single Hsp90 isoform that is induced at the transition from yeast to filamentous growth, and deletion attenuates the virulence of the fungus in a murine model (43, 415, 451) . A series of reports over the last decade have highlighted the role of Hsp90 in promoting drug resistance in C. albicans. Cells lacking Hsp90 activity through pharmacological or genetic inhibition are unable to evolve resistance to antifungal azole drugs (74) . Similarly, Hsp90 is required for resistance to the novel class of antifungals called echinocandins, which target cell wall biosynthesis, in Aspergillus spp. (75) . At least part of this relationship has been linked to Hsp90's chaperoning of the protein phosphatase calcineurin, providing a molecular mechanism (73) . A follow-up study implicated the protein kinase C/cell wall integrity pathway as another component of Hsp90-mediated azole resistance in C. albicans, dovetailing nicely with previous work demonstrating the same interactions in S. cerevisiae (237) . The roles of Hsp90 in supporting morphogenesis and drug resistance were recently shown to be relevant to biofilm formation in pathogenic fungi, providing a pharmacological foothold into this clinically intransigent mode of infection (367, 415) . The heat shock response has also been found to be highly relevant to pathogenesis, likely in an HSF-dependent context (39, 318, 319) . Our understanding of HSPs and the HSR in pathogenic fungi lags far behind that of S. cerevisiae and is clearly at an early stage. However, it is expected that the wealth of knowledge generated from budding yeast should inform and accelerate progress in these diverse systems.
Perspectives
The S. cerevisiae genome sequencing project was completed in 1995, and the first yeast knockout collection was made available in 2002, ushering in the era of yeast genomics and proteomics. Coupled with previous decades' worth of pathway-and gene-specific investigations, our understanding of the heat shock response and the biology of molecular chaperones is rich and detailed. We now have in hand the program and most of the players in multiple cellular compartments. The challenge for the future will be to understand how these distinct systems interact and how they are organized into functional networks to promote the life of a small unicellular yeast. This knowledge can then be applied to an understanding of the same question for human cells, with the key goal being an insight into how we can modulate these powerful machines to further human health. The recent awareness that a wide range of neurodegenerative disorders, including Parkinson's, Alzheimer's, and Lou Gehrig's diseases, are fundamentally pathologies of protein misfolding has dramatically amplified interest in protein quality control systems. Indeed, yeast cells are now being exploited as drug discovery tools for the isolation and rational design of drugs that specifically target the HSR and individual chaperones for induction or repression. For example, a novel compound capable of activating human HSF1 was recently uncovered by using the complementation of yeast Hsf1 as a phenotype in high-throughput screens (312) . C. albicans and Plasmodium falciparum Hsp70s have both been expressed in S. cerevisiae to generate safe and tractable experimental systems to utilize for the development of anti-infectives (20, 39) . We predict that investigations of the HSR and molecular chaperones in yeast will proceed for some time and will continue to lead the way in discovery and impact.
